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Abstract
Over the past two decades, the attention of researchers is focusing more and more on metal oxides
thanks to their huge potential for application in different fields spanning from physics, to chemistry,
to  medicine  and  engineering.   Their  physical  and  chemical  properties  make  them  appealing
materials  in  particular  for  application  based  on  surface-environment  interactions,  such  as  gas
sensing, in which they are frequently used to detect molecular species and volatile compounds. 
As  sensitive  elements,  metal  oxides  are  widely  employed  as  chemiresistors,  whose  working
principle is based on resistance changes induced by the adsorption of gaseous species present in the
surrounding environment. These devices mainly exploit the semiconductor nature of metal oxides
(Barsan  1994).  Resistivity  modulation,  in  fact,  originates  from  the  band  bending  induced  by
adsorbed gas molecules: the screening effect on the top layers of the material and the related barrier
potential influence electron mobility and, thus, the overall conductivity of the metal oxide. In this
scenario, the metal oxide intrinsic presence of defect and surface defects is of primary importance,
both  for  the  providing  of  charge  carriers  and  for  offering  specific  sites  active  from  the  gas
adsorption point of view. 
Many structural and electronic properties of metal oxides (such as wide bandgap and variety of
defect states) confers them several optical properties, among which we can cite the transparency in
the  visible  range  and  the  efficient  absorption  of  UV component  of  the  sunlight.   Transparent
conductive oxide (TCO) are for example used for coatings, in fabrication of optoelectronic devices
such as transparent thin film transistor and photovoltaic cells  (Özgür et al. 2005a). Several other
applications  can  also be  mentioned,  from the use  in  photocatalysis,  in  biomedical  devices  and
supports, as photodiode or light emitting diode and so on.
It  is,  thus,  clear  the  role  assumed  by  the  basic  research  on  metal  oxides,  focused  on  the
characterization of their physical and chemical properties. In particular, the knowledge of defect
composition  and  electronic  distribution  is  one  of  starting  point  for  the  characterization  of  the
material  in  view  of  possible  application  in  daily  life  devices.  Among  the  technique  existing,
photoluminescence (PL) spectroscopy represents an important tool for studying energy distribution-
dependent properties and defect-related properties. Moreover, recently attention has focused on the
possibility to employ this investigation technique as a tool for opto-chemical  sensing, where the
presence of adsorbed gases can be monitored through modulation of photoluminescence emission.
This route may present some advantages with respect to the common chemoresistive device, such as
the  multi-parameters  detection  (emitted  light  can  change  wavelength,  phase,  polarization,  etc.),
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absence  of  electric  contact,  the  possibility  of  developing  integrated  hybrid  devices  and  low
sensitivity to electromagnetic noise.
For its optical properties, a good candidate for opto-chemical sensing is zinc oxide (ZnO), an n-type
wide bandgap semiconductor, well known, among the rest, for being a blue-UV light emitter. The
good  characterization  of  ZnO  properties  (used  from  decades  in  different  field)  and  its  high
efficiency as light emitter, of course, represents an appealing property for optics-based application. 
Another material  with interesting intrinsic features is the titanium dioxide (TiO2),  on which the
interest in particularly increased since the ‘70 for its photocatalysis properties. After a milestone
study on the photolysis of water (Fujishima and Honda 1972), a huge number of application found
fertile source in the use of TiO2, mainly exploiting its photocatalysis properties and its high reactive
surface. (Linsebigler, Lu, and Yates 1995a): photovoltaic field, photo-biodegradation, as pigment in
cosmetic and paints, self-cleaning surfaces, surface coating, TCO-based electrical element can be
just  few  example  of  the  possible  applications  of  this  metal  oxide.  The  reactivity  to  external
molecules due to the surface intrinsic defects of TiO2, increased to its optical and photocatalysis
properties, potentially may play a leading role in novel PL-based application, such as the mentioned
optical gas sensing.
In this general picture is inserted my Ph.D. career. My research, in fact, pointed on the synthesis and
investigation of optical properties of nanostructured TiO2 and ZnO for applications as in optical
sensing.  My  attention  was  particularly  focused  on  the  TiO2,  being  this  material  still  less
characterized, with respect to the ZnO, both in the optical gas sensing studies and for the structural
and morphological point of view, considering the deposition technique adopted. The synthesis of
nanostructured thin film was obtained by means of pulsed laser deposition (PLD), an innovative,
versatile technique allowing the growth of different morphology nanostructures from a wide variety
of materials. Among the main advantages of this technique, we can count experimental simplicity
and the versatility of deposition conditions, allowing the growth in a controlled way structure with
different and specific properties. Moreover, PLD is considered a “clean” technique, since it is based
only on interaction between a target and laser beam occurring in a controlled atmosphere: during
the growth process, there it is therefore possible to control and limit contaminations due to residual
unwanted species.
The deposition of TiO2 was achieved with the collaboration of Laser Ablation group of the Physics
Department  in  Naples  (Prof.  S.  Amoruso,  Prof.  R.  Bruzzese  and  Dr.  X.  Wang),  adopting  the
ultrafast  laser ablation technique, based baser pulses in the fs regime.  Moreover,  I  also spent a
period  at  Institute  of  Electronics,  Bulgarian  Academy  of  Science  in  Sofia  (Bulgaria)  in  the
framework of a bilateral  CNR/BAS project,  working on deposition of  ZnO nanostructured  thin
films with ns-PLD technique, under the supervision of Prof.  N. Nedyalkov.  For both materials,
depositions with different initial conditions were performed in order to investigate on the influence
on morphological, structural and optical properties of the metal oxides. 
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The second part of my work consisted in the characterization of physical properties of interest of
TiO2 and ZnO, mostly concentrating on photoluminescence emission, on with the supervision of Dr.
S. Lettieri and Prof. P. Maddalena, in the Optics & Materials group (Physics Department, Naples). 
During this period, I worked on realization of a complete experimental setup, allowing to perform
PL  analysis  in  samples  kept  in  controlled  environment,  exposed  to  gas  flows  of  variable
concentrations. To this aim, I set up the optical bench and the realization of home-made control
system  written  in  LabView  for  interfacing  the  involved  instruments  (including  mass  flow
controllers, CCD camera, spectrometers, power meters and mechanical shutters) and controlling the
whole experiment. 
After the completion of the experimental setup, I started working on an accurate photoluminescence
characterization of the ZnO and TiO2 thin films. Most part of my work dealt with the latter material
and, in particular, with the effect of interaction with gaseous oxygen on its PL properties. In fact,
this topic is relatively unexplored and interesting features were found during my work, involving
multiple PL responses and opposite effect exerted by oxygen on the two polymorphs (anatase and
rutile) of TiO2.
The  present  thesis  work  is  organized  as  follow:  Chapter  1  is  dedicated  to  an  introductory
dissertation on the fundamental properties and application of nanostructured metal oxides of my
interest and the processes at the base of pulsed laser ablation techniques. In the second chapter, it is
presented an overview on PL process in semiconductors and on phenomenological modelling for
gas-induced PL modulation and applications.  Chapter 3 is dedicated to a general  description of
instrumental  setup  used  for  both  deposition  and  optical  characterization.  Morphological  and
structural characterization of TiO2 is described in Chapter 4, followed by the PL analysis on TiO2
and ZnO thin films, in Chapter 5, with a complete description of the origin of their PL emission and
mechanisms at the base of gas adsorption-dependent PL modulations.
Chapter 1
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Fundamental and application-oriented 
properties of titanium and zinc oxide 
In the present chapter, I will discuss briefly about some of the most relevant properties of two metal
oxide materials that have been studied in my Ph.D. work, namely zinc oxide (ZnO) and titanium
oxide (TiO2).
The research work in which I have been involved in has relevant connections with chemical sensing
applications, in which practical  purposes dictate to achieve an enhanced interaction between the
sensitive material (i.e. the metal oxide) and the chemical species to be revealed. For this reason, the
current trend in the field of oxide-based chemical sensing moves toward the use of nanostructured
oxide systems, as high sensitivity toward chemically adsorbed species can be achieved thanks to
their large specific surface (i.e. surface-to-volume ratio).
Therefore,  in the first section (1.1) I will briefly introduce the topic of nano-scaling, while also
mentioning the so-called “quantum-size effects”. It is worth mentioning that proper quantum-size
effects  (i.e.  the  modification  of  band  structure  and  energy  level  position  due  to  the  reduced
dimensionality) are unlikely to occur in nanoparticles such as the ones studied in my PhD work
(typical diameters of about 70-100 nm). Nevertheless, we will see in the case of ZnO nano- vs.
micro-scale structures  that  the oxide topology and morphology indeed plays  a  role in  optically
based chemical sensors. 
In the field of material science and engineering, great attention is focuses on metal oxides, versatile
materials  suitable  for  a  variety  of  applications,  including  for  example  catalysis,  gas  sensing,
electronics, microelectronics and so on. Section 1.2 is dedicated to an overview of main application
of metal oxides. As the intrinsic electronic properties of metal oxide semiconductors often reside on
the  presence  and  on  the  chemical  nature  of  structural  defects,  a  description  of  their  general
structural properties and related parameter (i.e. stoichiometry, defects, ions coordination numbers)
will be also depicted, summarizing the intrinsic defects that can be typically found in metal oxide
structures.
Among metal oxide materials, in these last years great interest grew up around titanium dioxide and
zinc oxide: their semiconductor nature, biocompatibility and possibility of nanostructuring them in
various morphologies without huge efforts make them good candidates for several applications. The
versatility deriving by the variety of attributes of these metal oxides, in fact, gives fertile spark in
nanostructure engineering and for daily life applicative purposes, such as in microelectronics area,
for piezoelectric or sensing devices, fuel cells, coatings and catalysts field, as extensively exposed
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in sections 1.3.1 and 1.3.2. A fruitful  comprehension of the potentiality of a material  is almost
impossible without a deep understanding of its main structural and electronic properties: for this
reason, a summarization of actual knowledge for both TiO2 and ZnO is depicted in section 1.3.
Last section (1.4) focuses on material deposition techniques, whose variety and versatility allow
obtaining thin films with the desiderated features, making them suitable for application in a huge
fan of fields. Among the deposition techniques, pulsed laser deposition (PLD) plays a key role. PLD
is based on the ablation of a material by means of a high energetic pulsed laser beam and can be
used for deposition of different materials (semiconductors, metals, dielectric and organic products),
and the synthesis of several structures, such as epitaxial films, nanostructured or nanoparticulated
films,  and 2D or  quasi-1D films,  with  different  morphology.  The strict  control  on the ambient
atmosphere in which deposition takes place and the excitation due to only laser source, make PLD a
“clean” technique, in which a good control of the composition of the final product is achievable.
Section 1.4.1 and 1.4.2 will be in detail dedicated to this technique and to the theoretical model on
which it is based.
1.1 - Nanostructured crystalline systems: motivations
Nanotechnology is a branch of applied science, dealing with manipulation of matter on an atomic,
molecular  and supramolecular  scale and with synthesis  of  materials and/or  composited systems
characterized by physical  sizes of the order  of  few tenths of nanometers  or  even less (i.e.  few
nanometers).  A generalized  and  commonly accepted  description  of  “nanotechnology”  has  been
established by the National Nanotechnology Initiative (U.S. federal program, http://nano.gov/about-
nni) defines nanotechnology as “the manipulation of matter with at least one dimension sized from
1  to  100  nanometers”.   Such  a  definition  reflects  the  interest  in  quantum  mechanical  effects
(“quantum-size effects”),  while  also including several  features  of  solid-state  functional  systems
such as ultra-thin films and nanoparticles, characterized by surface-related properties and/or by low-
dimensional charge carrier transport. 
The term “size effects” usually refers to physical properties modifications caused by the reduction
of material  sizes up to the nanometer scale (“nanoscaling”).  Nano-scaling can indeed affect  the
several physical and chemical properties, even leading to features that are from the ones observed in
their  bulk  (three-dimensional)  counterpart.  For  such  reason,  development  of  novel  synthesis
processes and discovering of novel materials and of new phenomena occurring at nanometer scale
triggered both speculative and applied research lines.
Another characteristic deriving from nanometer-size structuring is the gain in surface-to-volume
ratio, highly increased with respect to the equivalent bulk systems.  An increased specific surface
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leads enhanced performances in applications based on the physical and/or chemical interaction with
the environment, such as for example gas sensing.
While the quantum size effects and the increases in specific surface are solely related to the physical
size of the system, it is worth underlining that the degree of crystal order and the overall defectivity
in  semiconductor  nanostructures  play a decisive role in  almost all  application.  Some important
examples  can  be  done  in  the  case  of  metal  oxide  semiconductors  used  as  gas-sensing  active
elements.  For example,  surface oxidation and/or irreversible adsorption of gas  species represent
“ageing” effects that may give operation instabilities of the devices on long-term usages (Diéguez et
al. 1999). Moreover, structural modifications in disordered systems may occur, due for example to
morphological  modifications  of  inter-grain  boundaries  and/or  grain  coalescence  after  prolonged
operation (metal oxide-based gas sensor devices are usually operated at temperatures of about 150-
300 °C in order to speed up the adsorption-desorption kinetics). Beyond the instability of a single
system, the need of a  high degree of repeatability (or, in other words, equivalent responses to a
given stimulus) is also a fundamental issue in large-scale device production. Such a requirement is
not guaranteed for amorphous systems, which are by definition unstable. The above considerations
explain  why  the  research  interest  in  the  field  of  metal  oxide  focuses  on  single-crystal
nanostructures,  as  they ensure  time  stability  and more  controllable  initial  characteristics of  the
devices, facilitating the realization of stable and reliable devices. Moreover,  ageing and thermal
instability  problems  related  to  incomplete  stoichiometry  and  defects  presence  are  limited  in
crystalline structures. 
An advantage deriving by the drastic improvement of deposition techniques lies in the possibility of
easily obtaining quasi-one dimensional single-crystal structures, starting from commercial powders
of many of the most commonly used oxides (Pan, Dai, and Wang 2001; Dai et al. 2002; Wen et al.
2003;  Yuan,  Colomer,  and  Su  2002;  Vayssieres  2003).  Examples  of  quasi-one  dimensional
structures  are nanobelts  (Pan, Dai,  and Wang 2001),  nanowires (Vayssieres  2003; Huang et  al.
2001)  or  nanoribbons  (Dai  et  al.  2002;  Yuan,  Colomer,  and Su 2002).  The increased  stability
deriving by the use of these crystalline structures plus the high sensitivity due to the increased
specific surface area justify the great interest lying in the use of reduced-dimensionality metal oxide
systems as gas sensors (Sysoev et al. 2009; Comini et al. 2002; Wan et al. 2004; Modi et al. 2003).
1.2 – Metal oxides technological importance and basic physical properties: an 
overview
As mentioned previously, several metal oxides play a role in various technological areas, spanning
from chemistry to physics to material science (Zheng, Teo, et al. 2010; Zheng, Liu, et al. 2010; Liu
et al. 2010; Dongjiang Yang et al. 2009).
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One  of  the  most  important  roles  of  metal  oxides  (MOX)  is  played  in  catalysis  applications.
Commonly,  commercially catalysts  consist  in  metal  microscopic  particles  supported  on a high-
surface  area  and  non-reducible  oxides.  Their  operating  principle  is  based  both  on  interactive
processes between the metal and oxide support and to complementary interactions between metal
and  oxide  (Henrich  and Cox 1994).  Beyond this  cooperative  used,  MOX themselves  are  often
adopted as active catalyst components for several important commercial reactions, both in a pure
form that with the support of other oxides. All the catalysis activities are based on complicated
mechanisms involving different chemical reactions, such as acid/base reactions or oxidation and
reduction steps, with transferring of oxygen from lattice to the substrate. A landmark study on MOX
is represented by the Fujishima and Honda work (Fujishima and Honda 1972),  that reported the use
of transition metal oxide as a catalytic electrode in a photoelectrolysis cell to water decomposition
into H2 and O2. The deep influence this research had on the single-crystal transition metal oxides is
highlighted by the increase of the number of publications on this topic since the middle of ’70
(Fig.1).
Fig. 1. Number of publications per year on well-characterized metal-oxide surfaces. (Courtesy of M.A. Henderson,
Pacific Northwest National Laboratory) (Diebold 2003)
Great  interest  also  accompanies  the  gas  sensing  properties  of  MOXs.  Mostly,  gas  sensing
applications are based on zinc oxide (ZnO) and tin oxide (SnO2), thanks to their n-type conductivity
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(presence of intrinsic defects makes them behave as n-type semiconductors) and to their chemo-
resistive response. This latter consists in the fact that molecules adsorption on the surface causes
band bending in their sub-surface region, producing significant changes in surface conductivity.
Thus,  modulation  in  sample  conductance  can  be  used  to  monitor  adsorbed  surface  molecules.
Finally, we also cite other effects and discoveries (not involved in the present dissertation) that gave
a relevant impetus to the study of oxide materials and of oxide surface science, such as high-Tc
superconductivity, ferro-electricity, multiferroicity, diluted magnetic semiconductors and so on.
Commonly,  MOX  catalytic  properties  and  other  physical  and  chemical  properties  are  strictly
dependent on their structural properties and on the presence of defect surface states. Thus, one of
the starting points for the understanding of MOX properties is represented on the knowledge of
their geometric structure, well described by the ionic model (Atkins 2010; West 1987). This model
is  based  on  the  statement  that  the  most  important  role  is  played  by forces  bonding  positively
charged metal cations and negative oxide (O2-) anions: metal oxide structures mainly result in an
arrangement of metal ions surrounded by oxygen and vice versa. Even the existence of O2- , not
stable in free space, is ensured just by the presence of an ionic lattice structures and its Madelung
potential.  
Fundamental (intrinsic) structural parameters driving the electronic properties of metal oxides  are
the  stoichiometric ratio  between oxygen anions and metallic cations and the  ionic coordination,
involving the geometrical arrangement of ions and their space neighbourhood characterization. An
example of metal coordination is shown in Fig.2. One of the common lattice geometry of metal ions
is  represented  by the  six-fold octahedral  coordination,  occurring in  several  metal  oxides,  from
rocksalt structures to other binary structures as corundum (M2O3) and rutile (MO2). In the lower-
coordination structures, the most common is the four-tetrahedral, as in ZnO (wurtzite structure). Of
course,  several  arrangements  are  also  found,  even  showing  irregularity,  as  in  the  distorted
octahedral geometry of MnO3 and La2CnO4. 
From thermodynamic  considerations,  it  is  possible  to  state  that  all  crystal  necessary contains  a
certain proportion of defects in equilibrium condition at  non-zero temperature.  Referring to  the
energy used to create a defect as ∆E and the associated increase of entropy ∆S, the free energy ∆G =
∆E - T∆S decreases for small defects density since the entropy term outweighs the internal energy
term  (Hayes and Stoneham 2004). Defects characterization and their properties study is of great
importance, as surface metal-oxide properties are strictly dependent on their presence (their density
is higher on the surface with respect of bulk systems), being for example responsible of the catalytic
activity  (Linsebigler,  Lu,  and Yates  1995a;  Cox 2010).  It  is  worth to  mentioning,  anyway,  the
possibility for many transition-metal oxides to have an unusual high defects concentration even in
the bulk solids; they are associated with possible variable valence and oxidation states, and strictly 
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Fig. 2. Example of metal coordination in some important oxide structures and their crystallographic cells (except for
b)). a) Rocksalt, MO; b) corundum, M2O3; c) rutile, MO2; d) ReO3; e) wurtzite, MO; and f) fluorite, MO2.
influence the physical properties of solid compounds  (Cox 2010). Bulk defects may be classified
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either as  extended defects, such as line (dislocations) or planar defects, as  point  defects, such as
lattice vacancies, interstitials or impurities and dopants occupying either substitutional or interstitial
states. Elementary theory of defects in ionic solids states that the occurrence of point defects is such
that there is a preservation of the overall charge neutrality of the solid. Thus we may have Frenkel
(vacancy plus interstitial  of the same type)  and  Schottky  (balancing pair  of vacancies)  types  of
defects. Moreover, impurities may be associated with vacancies or interstitial sp as to balance the
overall  charge:  e.g.,  in  Li-doped  MgO,  the  substitution  of  Mg2+ by Li+ is  compensated  by an
appropriate number of O2- vacancies. 
Electronic structure alteration at sites neighbouring to defects represents another important way by
with the charge balance is obtained. For example, the electrons remaining at an O2- vacancy may be
trapped at the vacancy sites to give F or F+ centres (Henrich and Cox 1994). Moreover, electrons
and holes may contribute to the oxidation states of a transition-metal ion. For example, oxygen
deficiency in TiO2 can be associated with electrons trapped at Ti4+ sites to give Ti3+, and oxygen
excess can increase the oxidation state of some atoms, as in Fe.0.9O, which may be considered to
have a proportion of Fe3+ ions in addition to Fe2+. 
The strong influence of these defects on the electronic structure and properties of metal oxide, at the
base of thesis work dissertation, will be more in detail reported in the next chapters. 
1.3 - Titanium oxide (TiO2) and zinc oxide (ZnO)
1.3.1 TiO2 research: motivations and applications 
In these last years,  research on titanium dioxide (TiO2) underwent to a great expansion process,
making this material one of the most studied among metal oxides. The interest in this wide band-
gap semiconductor is in principle due to the huge number of application it is suitable for, related
both to the development of novel devices and to the properties improvement of existing materials.
Worth mentioning is even the possibility of use it for several experimental techniques, starting from
its deposition, easily leading to well-defined crystals, to a focused modification of some of its basic
features (e.g. oxidation, surface reduction, etc.). Several tests performed in the years and a good
characterization of its general properties makes the titanium dioxide a good candidate for the study
of new physical or chemical phenomena. 
As mentioned, TiO2 finds application in a huge range of fields, spanning from photocatalysis to
solar  cells  for  the  production  of  hydrogen  and  electric  energy,  from gas  sensing  to  electronic
devices production. It  is used very often as white pigment in paints and as corrosive-protection
coating, for bone implantations, as optical coating or in ceramics products. For a comprehensive
review of TiO2 surface science, applications and related topics, we refer to the excellent review
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paper by U. Diebold (Diebold 2003), and briefly discuss here just a few among the most important
applications of this material. 
Photocatalysis and photochemistry:  Photocatalyst  properties  of  TiO2 and its  strong reactivity to
visible  and  ultraviolet  (UV)  light  make  it  a  perfect  candidate  for  sunlight-based  daily  life
applications.  Since the first  studies  carried  out by Fujishima and Honda (Fujishima and Honda
1972) on the water photolysis on TiO2 electrodes, there have been major advances in the field of
TiO2-based photochemical decomposition (Henrich, Dresselhaus, and Zeiger 1976; Wei Jen Lo, Yip
Wah  Chung,  and  Somorjai  1978;  Lewerenz  1989).  In  the  same  framework  we  can  also  cite
applications of TiO2  in photo-assisted bio-degradation: interaction of oxygen or water with photo-
excited electrons and holes lead to the formation of reactive free radicals on the TiO2 surface of the
material:  further  interactions  with  organic  species  are  thus  easy  to  happen,  resulting  in  their
decomposition into CO2 or H2O. These feature finds applications for purification in wastewaters
(Mills, Davies, and Worsley 1993), for bactericidal purpose (Maness et al. 1999), for the creation of
self-cleaning surfaces, as coating for car windshield (Paz et al. 1995) or even as coating of marbles
for preservation of statues and of manufactures of historical interest (Poulios et al. 1999). Another
important photochemistry application involves the medical  photo-therapy,  namely the cito-toxic
effects exerted on cancer cells by UV-activated slurry titanium dioxide injected under skin (Cai et
al. 1991; Fujishima et al. 1993; Sakai et al. 1995). For an extensive review on TiO2 photocatalysis
and photochemistry properties we recall  to the work by Linsebigler et al.  (Linsebigler,  Lu,  and
Yates 1995a).
Gas sensing applications: As previously mentioned (see previous section), many metal oxides are
used as active elements in common conductometric gas sensing devices, based on the measurement
of change in the conductivity of the system induced by gas adsorption. To this aim, most used
materials are ZnO and SnO2,  but in recent years titanium dioxide is affirming a role as oxygen
sensor, e.g. in the control of air/fuel in car engines (Dutta et al. 1999; Xu et al. 1993; Kirner et al.
1990; GRANT 1959; Phillips and Barbano 1997; Campbell et al. 1999; Matsumoto et al. 2001;
Chambers et al. 2001; Garfunkel, Gusev, and Vul’ 1998). At high temperature, a large range of
oxygen  partial  pressures  can  be  indeed  be  detected  through  chemoresistive  transduction  in
controlled bulk defects TiO2-based devices; addition of Pt, leading to the formation of Schottky
diode, is used to increase performances at low temperature (Kirner et al. 1990).
Electronics: Other motivations lying behind the interest in use of TiO2  regard the issue of novel
oxide gate materials (high-k oxides)  substituting the SiO2 in MOSFETs (Garfunkel, Gusev, and
Vul’ 1998). Titanium dioxide represents an appealing candidate as gate dielectric, thanks to its high
dielectric constant and good possibility of control of its surface states and stoichiometry, represents
an  appealing  candidate  for  a  new  MOSFET  generation  (Garfunkel,  Gusev,  and  Vul’  1998).
Furthermore,  has also some possible applications in spintronics (even if titanium dioxide is not
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magnetic, it can exhibit ferromagnetic properties once doped with cobalt) (Matsumoto et al. 2001;
Chambers et al. 2001).
Biomedical  applications:  Finally,  we  mention  the  pigment  and  biomedical  industry  as  another
application field of TiO2. Each year, there is a huge production of TiO2 pigments (almost 4-tons
(Kronos International 1996)) used for almost all typology of paints, thanks to its high refractive
index  (Diebold 2003). Its  atoxicity makes it  often being found in pharmaceuticals and cosmetic
products  (Hewitt  1999) and  as  food  additive (Phillips  and  Barbano  1997).  Biocompatibility  of
titanium dioxide finds a fertile application source in the biomaterial and biomedical fields (Ratner et
al. 2004). Commonly used biomaterials, whose efficiency mostly depends on oxide layer chemical
and physical properties, are titanium dioxide-based (Sittig et al. 1999). An example on the oxide
contribution  in  bioimplants  is  given  with  in  the  work  of  Branemark,  Kasemo  and  co-workers
(Lausmaa et al. 1987), in which corrosion resistance and support for Ti performance at tissue or
molecular levels, on osseointegrated oral and maxillofacial implants is ensured by the oxide layer.
1.3.2 ZnO research: motivations and applications 
Thin  films  and  nanostructures  based  on  zinc  oxide  (ZnO)  have  been  receiving  a  significant
attention, due to several intriguing physical and chemical properties exploitable for applications.
ZnO is  a  wide-bandgap  non-centrosymmetric  and piezoelectric  n-type  semiconductor,  having a
direct bandgap of about 3.3 eV (room temperature).  Thanks to the fact  that direct gap structure
allows efficient electron-hole radiative recombination and thanks to its large exciton binding energy
(60  meV)  exceeding  the  thermal  energy  (kBT),  ZnO  exhibits  a  stable  and  efficient
photoluminescence  emission in  the  UV range  even  at  room temperature  (Özgür  et  al.  2005b).
Concerning its electrical properties, unintentionally doped ZnO behaves as n-type semiconductor
because of oxygen vacancies acting as electronic donor levels, similarly to the case of TiO2.
Apart from gas sensors (discussed more extensively next), many potential application of ZnO find
room at the intersection between electronics and opto-electronics, relying on both its conductive
properties, its piezoelectric properties and on its efficient room-temperature near-band-edge light
emission. For example, its properties make it suitable for realization of photodiodes (PD), metal-
insulator-semiconductor diodes (MIS), transparent conductive electrodes, piezoelectric devices for
energy harvesting.
In  reference with the field of electronics and opto-electronics,  ZnO is a  promising material  for
heterostructures realization and applications such as photodetectors (Jeong, Kim, and Im 2003; Ohta
et al. 2000; H. Ohta et al. 2003) and ultraviolet light emitting diodes (LEDs) (Alivov et al. 2003;
Ohta et al. 2000; Alivov et al. 2003, Drapak 1968).  Moreover, ZnO has the advantage of being low
cost, non-toxic and easily grown on other p-type materials such as Si  (Xiong et al. 2002; Jeong,
16
Kim, and Im 2003; Nikitin et al. 2003), GaN (Alivov et al. 2003; Yu et al. 2003), CdTe (Aranovich
et  al.  2008),  diamond  (Cheng-Xin  Wang et  al.  2004) and  NiO  (Hiromichi  Ohta  et  al.  2003).
Electroluminescence  properties  of  ZnO  are  suitable  for  the  development  of  metal-insulator-
semiconductor (MIS) diodes (Shimizu et al. 1978; Minami et al. 1974; Alivov et al. 2004).
Application of ZnO as transparent conductive electron is also important. Due to its wide bandgap,
ZnO is unreactive to visible light even under heavy-doping conditions. As discussed by Ozgur and
coauthors (Özgür et al. 2005b), 2*1021 cm-3 charge carriers can indeed be added without any lost in
its optical transparency in the visible range, making it a good candidate for applications in which
visible-light transparency is necessary (e.g. transparent electrodes in flat-panel displays, transistors
and solar cells). 
Finally,  applications based on piezoelectric properties of ZnO are of great importance to exploit
harvesting of mechanical energy from the environment (Wang and Song 2006). This characteristic,
integrated with the microelectronic or nanostructuring fabrication, can be employed in fields where
miniaturization  coupled  with  smart  powering  conditions  represents  a  promising  way  for  the
development of non-invasive,  environment-integrated and self-powered devices.  Other examples
include wireless structures as biosensors, probes, scanning devices, etc power up simply exploiting
natural  mechanical  stress  induced  by  blood  flow,  muscles  stretching,  mechanical  vibration
generated by sonic or hydraulic waves and all similar daily life actions can be just few examples of
self-powered devices (Rusen Yang et al. 2009). At this purpose, different works were carried on the
use  of  nanostructured  crystalline  ZnO,  thanks  to  its  appealing  piezoelectric  and  semiconductor
nature, biocompatibility and possibility of nanostructuring in various morphologies with really high
efforts (Xu et al. 2010).
1.3.3 Structural and electronic properties of TiO2 and ZnO 
Titanium dioxide is a wide band-gap semiconductor naturally found in nature in three crystalline
phases: the most thermodynamically stable rutile and two polymorph metastable states, anatase and
brookite  (Fig.  3).  Phase  transition are  of  course  possible by heating  the  material:  over  500°C,
anatase crystalline properties are obtained starting from amorphous titanium dioxide; slow and fast
brookite to anatase phase transformation are reached with respectively temperature below 780° and
between 780°C and 850°C; above this temperature, phase transformation to rutile occurs for both
anatase and brookite. Melting point and boiling temperature are respectively 1870°C and 2972°C.
In the following, a summary of the main characteristics of the titanium dioxide phases is discussed.
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Fig. 3. Crystal structures of TiO2 a) rutile, b) anatase, c) brookite.
Anatase  and  brookite:  They  are  polymorph  metastable  phases  of  titanium  dioxide  with
respectively tetragonal  (Cromer  and Herrington  1955) and  orthorombic (Baur  1961) symmetry,
whose lattice parameter of their cell structure are a = b =  3.784 Å and c = 9.515 Å for anatase and a
=  9.184 Å, b = 5.447 Å, c = 5.145 Å for brookite (Cromer and Herrington 1955; Baur 1961). The
crystal structure consists in a chain of TiO6 octahedra in which each Ti4+ ion is 6-fold coordinate to
O2- ions and each oxygen ion is surrounded by three Ti ions.  Generally, in anatase each octahedron
is in contact with eight octahedra (four sharing an edge and four sharing a corner)   and presents a
high degree of deformation. Ti-O distances in anatase are 1.934 Å and 1.980 Å, while Ti-Ti are 3.79
Å and 3.04  Å  (Linsebigler,  Lu,  and Yates 1995b; Baur 1961).  Formation of brookite occurs in
particular extreme conditions. 
Rutile: As mentioned, among the titanium dioxide phases, the rutile is the most stable present in
nature. Its unit cells parameter are a = b = 4.593 Å and c = 2.959Å (Cromer and Herrington 1955)
.In rutile, each Ti atom appears to be in the centre of the unit cells, surrounded by six oxygen atoms
positioned at the corner of  a slightly deformed octahedron. The octahedron unit is in contact with
ten other octahedra. Ti-O distances are 1.949 Å and 1.980 Å; Ti-Ti distances, shorter with respect to
the one found in anatase, are 3.57 Å and 2.96 Å (Linsebigler, Lu, and Yates 1995b).
A review of electronic properties of TiO2 is reported in a work of S. D. Mo S.D and W. Y. Ching
(Mo and Ching 1995), whose calculation for rutile and anatase band structures is show in Fig. 4. 
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It  is  important  to  mention  that  calculated  electronic  energy  distribution  usually  refer  to  ideal
structures.  As  mentioned  in  Sec.  1.2,  real  metal  oxides  exhibit  intrinsic  defects  (vacancies,
interstitial atoms, dislocation, etc.) whose presence strongly affects the electronic levels and their
physical  properties.  An investigation on the  energy distribution can  be  performed by means of
optical properties. PL spectroscopy, in particular, is a fruitful tool for studying the charge carrier
recombination  and  electronic  spectrum,  even  though  sometimes  PL  results  are  not  of  easy
interpretation.  In  TiO2 PL spectrum,  for  example,  different  emission bands are  observed  and  a
univocal explanation for the chemical nature of energy level involved is still under construction.
The recurrent visible green emission in TiO2 NPs systems, is commonly attributed  to both self-
trapped  excitons  (STE)  recombination  and  defect  states  and  surface  radiative  recombination
(Cavigli et al. 2009; Zhang, Zhang, and Yin 2000; Forss and Schubnell 1993; Bieber et al. 2007).
Defect states are moreover associated to  intra-band levels leading to radiative recombination with
emitted wavelengths in the red region  (Knorr,  Zhang,  and McHale 2007; Mercado et  al.  2012)
Emission bands lying in the blue region (LIU et al. 2009; Maurya et al. 2011) of electromagnetic
spectrum  and  in  the  NIR  (Montoncello  et  al.  2003;  Knorr,  Mercado,  and  McHale  2008) are
observed as well: even though different hypothesis have been proposed, the overall picture seems to
be not yet clarified. On this topic, a more detailed dissertation it will be reported in Ch. 5.
Fig. 4. Band. Band structures of a) rutile and b) anatase (adapted from (Mo and Ching 1995))
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Zinc  oxide  is  a  wide  band-gap  semiconductor,  whose  ionic  properties  reside  at  the  borderline
between ionic and covalent semiconductor, as for most of the to the II-VI group binary compounds.
It presents three crystal structures: wurtzite, zinc blend and rocksalt, schematically depicted in Fig.
5. At ambient conditions, wurtzite appears to be the thermodynamically stable phase, while it is
found that specific conditions are needed to obtain rocksalt and zinc blende phases.
Two comprenetrating hexagonal-close packed (hcp) sublattices compose the structure, showing a
displacement u = 0.375 between atoms of the same kind. Each sublattice is constituted by four
atoms per unit cell, in which each atom of one group results 4-fold coordinate, i.e. surrounded by
four atoms of the other group. Real ZnO crystals in wurtzite phase usually deviates from the ideal
form, showing different c/a ratio or u parameter value (Özgür et al. 2005b). Applying an external
hydrostatic  pressure  (starting  with 9.1  GPa  (Desgreniers  1998))  results  in  the  phase  change  to
rocksalt (NaCl), thanks to the fact the reduced lattice dimensions favors ionicity over the covalent
nature thanks to interionic Coulomb interaction.  Formation of the zinc blend structure is instead
obtained only growing the crystal by heteroepitexial growth on cubic substrates as ZnS (Kogure and
Bando  1993),  GaAs/ZnS  (Ashrafi  et  al.  2000)  and  Pt/Ti/SiO2/Si  (Kim,  Jeong,  and  Cho 2003)
reflecting topological compatibility to overcome the intrinsic tendency of forming a wurtzite phase.
Lattice parameters are summarized in Table 1.
Fig. 5.  ZnO crystal structures. a)  Hexagonal wurtzite structure;  b) cubic zinc blende; and c) cubic rock salt. Biggest
spheres represent oxygen atoms, while Zn atoms are shown as smaller dark spheres.
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Crystal structure Lattice constant Value Ref.
Wurtzite  (hexagonal) a (Å) 3.2475-3.2501 (Noel et al.  2001; Catti,
Noel,  and  Dovesi  2003;
Karzel  et  al.  1996;  Kisi
and  Elcombe  1989;
Gerward  and  Olsen
1995)
c (Å) 5.2042-5.2075
u 0.383-0.3856
Zinc Blende (cubic) a (Å) 4.60-4.619 (Ashrafi  et  al.  2000;
Özgür et al. 2005b)
Rocksalt (cubic) a (Å) 4.271-4.294 (Recio et al. 1998; Bates,
White,  and  Roy  1962;
Recio,  Pandey,  and
Luaña 1993)
Table 1. Measured and calculated lattice constants and u parameter in ZnO.
A compendium of electronic band structure properties of ZnO is presented by Özgür et al. (Özgür et
al. 2005b), in which are reported several experimental studies and theoretical calculation of energy
level distribution for the three phases. A representative example of band structure calculation is
illustrated in Fig. 6, from a work of Vogel and coworkers  (Vogel, Kruger, and Pollmann 1995),
where is clearly shown the direct band gap semiconductor nature of ZnO. This feature strongly
influences optical properties of ZnO, leading to the possibility of having excitonic recombination
(more  details  about  interband  recombination  processes  will  be  reported  in  Chapter  2).  The
calculated band gap value is 3.77 eV, in agreement (Jagadish and Pearton 2006) with experimental
values. In real systems, intraband levels confer to ZnO an n-type nature. The nature of such shallow
states is usually attributed to zinc substitution by group-IV atoms (Al, Ga, In), while deep states are
usually attributed to intrinsic point defects, such as zinc interstitials and oxygen vacancies (Djurišić
et al. 2007a; Studenikin, Golego, and Cocivera 1998a) . A vast  amount of literature deals with
identifying the chemical nature of interband energy levels and for further detail one can refer to
(Özgür et al. 2005a).
1.4 - Techniques for MOX thin films deposition
In the recent years, interests towards thin films increased more and more thanks to their versatility
and to the possibilities of controlling their properties, strictly depended on the growth conditions, 
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Fig. 6. a)  LDA-calculated band structure of bulk wurtzite  ZnO (Vogel,  Kruger,  and Pollmann 1995) b) Schematic
diagram representing the crystal-field and spin-orbit splitting of the valence band of ZnO into 3 sub-band states A, B
and C at 4.2 K. (Gun Hee Kim 2006)
that  make them suitable active elements for  applications in various and different  fields (Martin
2010).  The environment  in  which  deposition  takes  place  strongly  effects  on  the  structural  and
morphological properties of thin films. Thus, a key role is played by all the controllable and tunable
growth parameters such as substrate temperature, kind and pressure of buffer gas, substrate nature,
time deposition and so on, and on their cause-effect  relation on the properties of the deposited
product.  For this reason, several deposition techniques have been developed, each of them able to
reach deposition of material with specific characteristic.  Thin films deposition techniques can be
mainly divided in two groups: chemical and physical techniques.  As the names suggests, on the
chemical category we can include all the techniques in which the deposition is based on chemical
processes. It is in turn divided in two subgroups, the so called gas-phase chemical deposition, such
as chemical and photochemical vapor deposition and thermal oxidation, and liquid-phase chemical
deposition, such as electrolytic deposition, electrolyitic anodizing, spray pyrolysis, solgel method,
hydrothermal and solvothermal methods.
In physical methods instead (e.g. sputtering or vacuum evaporation), the deposition takes place after
the material  reaches  the gaseous  phase.  This can be obtained in several  ways:  heating or  local
energy absorption, causing material evaporation, may be done by means of particle collisions, as in
ionic beam deposition or sputtering, or by means of pulsed laser radiation, as in the pulsed laser
deposition technique (PLD). On this last method, used in this work, we will focus our attention with
a more detailed description of the technique and its applications.
1.4.1 Pulsed Laser Deposition
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In the panorama of the depositions techniques, in these recent years laser ablation is becoming more
and more established thanks to its versatility in the production of nanostructures of a huge variety of
materials  that  find  application  in  different  fields  of  both  fundamental  research  and  technology
(Chrisey  and  Hubler  1994a;  Miller  and  Haglund  1997).  Laser  ablation  can  be  used  for  the
deposition  of  different  materials  as  semiconductors,  metals,  dielectrics,  organic  and  polymeric
products (some example are reported in Table 2,  with relative references).  Moreover,  it  can be
employed for the synthesis of structures, spanning from epitaxial to nanostructured or nanoparticles
films to  lower-dimensional films, with several morphology, according to the deposition condition
chosen (Ashfold et al. 2004; Willmott and Huber 2000; Eason 2006; Chrisey and Hubler 1994b) .  
Materials
Metals Al (Andreić, Aschke, and Kunze 2000), Cu (Mourzina et al.
2001), Fe (White and Scalapino 2000)
Semiconductors ZnO (Sun and Kwok 1999),TiO2 (Yamaki et al. 2002; Walczak
et al. 2008), nitrides (Z. M. Ren 1999; Szörényi et al. 2000)
Superconductors Yttrium barium copper oxide (YBCO) (Jackson and Palmer
1994), MgB2 (Mijatovic et al. 2004:2)
Biomaterials Glucose oxidase (GOD) enzyme (Phadke and Agarwal 1998),
silk fibroin (Tsuboi, Goto, and Itaya 2001)
Polymers Poly(methyl methacrylate) (PMMA), (Rebollar et al. 2006;
Blanchet and Fincher 1994), Poly(tetrafluorethylene)(PTFE)
(Inayoshi et al. 1996)
Table 2: Example of materials growth by PLD.
This process is based on the focusing of an energetic pulsed laser beam on a target in order local
heating causes evaporation of the material. that, so ablated, flights towards the substrate on which
the material is supposed to be deposited. All the process takes place in vacuum or in a controlled
atmosphere, in order to avoid contamination by external molecules and control stoichiometry of the
final product. That is why it can be considered has a “clean” technique, in which there is no extra
residual substance deposition, as can occur in chemical deposition techniques. The whole ablation
process can be divided in three stages: 
- target interaction with laser and energy absorption:
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According to the laser energy source, different scenarios are possible for this step.
Using a continuous wave laser leads to a “slow” absorption process involving both superficial
and bulk areas and generating an equilibrium thermal state for each of the component of the
material  that  will  evaporate  each  of  them according  to  their  own melting  point  and  vapor
pressure. The deposited material will thus result strongly under-stoichiometric. In case of pulsed
laser,  the  interaction  time  with  the  material  is  reduces  and  heating  transport  is  limited  to
superficial  states:  different  target  components  reach  thermal  condition  for  evaporation
simultaneously.  Not worth noticing the existence of a threshold limit for laser source above
which the ablation process can have place,  dependent on laser  characteristics and chemical-
physical  properties of the material.  When pulsed laser are used, it  should be considered the
impulses rate: pulsed laser beam shorter than typical material response time (in the order of ns)
interacts both with the target and with the ejected material, while in the ultra-short pulsed laser
case (ps, fs regime), the interaction laser-material is limited to the target. Differences among this
two pulse regime will be shortly reported in the next section.
-  plume formation and propagation:
Laser energy absorption induces very quick thermodynamic transformation in the material that
lead  to  its  evaporation,  with  the  creation  of  plasma,  composed  by  electrons,  ions,  atoms,
nanometric clusters and molecules. Once the material is ejected, it propagates preferentially in
the direction orthogonal to the target surface, assuming a characteristic plume-like shape, from
which it takes its name. The dynamic of propagation of the plume in the vacuum chamber is
strongly effected by the environment atmosphere. In high vacuum condition, the plume keeps its
kinetic energy during the flight, while the presence of a buffer gas has a slow down of, with a
confinement of the material (the overall effects pressure-dependent will be analyzed in detail in
Chapter  4).  Buffer  gas  role  is,  moreover,  the  preservation  of  stoichiometry  of  the  material
deposited on the substrate or the addition of dopants. 
      -   deposition on the substrate :
The last  step is  characterized  by the deposition of  ablated  material  on a  substrate  properly
chosen. Of course, the choice is first of all based on the purpose for which the nanostrucured
thin film is. Measurements of photoluminescence need, e.g., a substrate whose emission in the
range of excitation wavelengths  of the material  examined is  negligible;  for  transmittance,  a
transparent  substrate  for  the  region  of  electromagnetic  spectrum of  interest  and so on.  The
choice of substrate is, anyway, a more subtle topic since the growth of the films is effected by
the structural  properties  of  the surface:  an epitaxial  growth  of  a  thin film requires  that  the
substrate  has a crystalline structure and similar lattice constants to the one of the deposited
material.
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Thus,  the  ablation  process  and  the  resulting  deposition  can  be  effected  by  several  parameters,
starting from the material and substrate chosen to the energy source adopted. Commonly, material is
ablated by means of pulsed laser with nanosecond pulse impulses (ns-PLD), (Eason 2006)  used for
the controlled deposition of crystalline films starting from different materials. The temporal length
of the pulses, higher than typical responses of material, leads to interaction between laser beam and
formed plume during its  propagation in near-target  areas.  Ejected material  absorbs in turn laser
energy  and  the  consequent  temperature  increasing  causes  an  high  degree  of  ionization  and
atomization (Cremers and Radziemski 2006).
Fig. 6: Ns-PLD and laser interference with ejected plasma
Ns-PLD allow the growth of nanoparticles and nanoparticulated thin films ((Di Fonzo et al. 2009;
Aruta et al. 2010; Di Fonzo et al. 2008), in different morphologies, as showed in fig. 7 (Di Fonzo et
al. 2009). In this work, different dry air pressure in deposition chamber were used for the deposition
of titanium dioxide with 10-15 ns pulses generated by an eccimer laser (KrF, 248 nm) at 4 J/cm2
fluence:  films,  deposited  at  room  temperature  on  silicon  or  titanium,  show  great  variety  of
morphologies, from compact to forrest-like.
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Fig. 7. Different structures obtained with ns-PLD deposited at different pressure. a) 10 Pa; b) 20 Pa;
and c) 40 Pa.(Di Fonzo et al. 2009)
Recently, research is focusing on the use of shorter laser pulses and particularly interesting is the
regime of the femtoseconds. In this case, thanks to the short temporal duration of the pulses, energy
is transferred to the material  in temporal scale less than the usual material  time responses,  thus
avoiding the extra interaction between ejected material and laser source occurring in the ns regime.
The high excavating state on which the material undergoes is characterized by high temperature and
inner pressure. In these physical conditions, relaxation processes out of equilibrium occurs for the
material, still under examination of researchers.
The fs-PLD allows the deposition of nanoparticles even in high vacuum conditions  (Eliezer et al.
2004; Amoruso et al. 2004; Amoruso et al. 2005) and, up to now, this technique is mostly used for
the  production  of  nanoparticles  and  nanoparticulated  thin  films  from  elementary  (metals  or
semiconductors) to simple compounds (metal alloys)  (Nolte et al.  1997). Adoption of oxides as
target for fs ablation is instead still few investigated (Orgiani et al. 2010; Sambri et al. 2007) both
from theoretical and experimental point of view.
1.4.2 Pulsed laser ablation: theoretical model
Ultra-short pulsed laser ablation is a quite recent technique and up to now, a complete theoretical
support  is  still  not  been  developed,  in  particular  for  complex  systems  as  oxides.  For  the
femtosecond pulse regime, basic model commonly used for describing the transfer of energy from
pulsed laser radiation and material is the  two-temperature model (TTM), for which the system is
approximated as composed by only two subsystem: the crystal lattice and the electron cluster, each
of them characterized by its own temperature, respectively indicated as Tl and Te. The electronic
subsystem  acts  as  a  bridge  in  the  energy  transferring  between  laser  source  and  the  material:
electrons, in fact, by means of vibrational lattice states (phonons) that transfer energy to crystal
lattice, according to the following expressions:
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where  C represents  the  thermal  capacity  and  k is  the  thermic  conductivity  (subscripts  e and  l
respectively are referred to electrons and lattice). They represents diffusion equations for the two
subgroups and the coupling term is given by g(Te – Tl), in which the constant g gives the “strength”
of the electron-phonons interaction, coupled with an, assumed in this model, linear temperature-
dependent therm. Laser effect and heating produced per volume unit its stored in the term S(z,t): 
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where A = (1-R) , with R reflectivity of irradiated material, alpha is the absorption coefficient of the
material  and  I(t)  is  the laser  intensity.  With this  modeling,  it  is  possible to calculate  threshold
fluence for ablation process, though the coupled differential Eqns.  makes the analytical solution
and analysis  of  the TTM not  straightforward.  In  dependence  on the ablated  material,  we have
different approach and consideration that have to be done. 
1.4.2.1 Nanosecond laser ablation 
The  use  of  nanosecond  pulses  allows  the  coupling  of  photon  energies  with  electronic  and
vibrational modes of the material, with consequent predominance of thermal processes (Wellershoff
et al. 1999). In this regime, thermal equilibrium between electron and lattice is reached (Te = Tl) is
reached and the Eqs.  and  reduce to the classical heat equation:
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Describing pulse temporal profile with the function δ, temperature variation 0T T T∆ = −  is given by:
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where D is the thermal diffusivity ( D k C= ) and Fabs is absorbed fluence. Thermal diffusion in the
material reaches a depth thL Dtpi= .
Considering that ablation process occurs when  abs thF L  overcomes the energy value required for
phase transition, one can express the threshold fluence, Fth, as follows:
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In this expression, mT∆  is the difference between initial temperature and melting temperature of the
target, A represents the superficial absorbance and  ρ the density of the material. From an energy
balance analysis, the material is melted and then vaporized up to a depth ∆zv given by:
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where vL represents the latent vaporization heat for mass unit. This diffusive process generates the
formation  of  a  high  pressure  and  temperature  plasma.  This  strongly  out-of-equilibrium system
evolves with the material from the target and the formation of an atomic and ions plasma plume.
Thermodynamic transformations occurring at target surface may lead to the formation and ejection
of nanometric  or micrometrics  (droplets)  cluster,  that  may induce irregularity in the deposition
products. The ablation process occurs in a nanosecond-order temporal scale, when the laser pulse is
still impinging on the surface. Ablated material, during the formation and early propagation of the
plum, absorbs laser energy, inducing an additional plasma ionization or, for high fluences, a shield
effect with respect to the target surface (Amoruso 1999; Ihlemann et al. 1995)  
Plume atoms and ions disexcitation occurs via radiative  processes, too, thus giving the possibility
of carrying on spectrographic analysis on the plume for the determination of its components and
their distribution in it, a part that, of course, the possibility of visualizing it, for example by means
of an ICCD (intensified charged coupled device). Plume has propagation direction preferentially
orthogonal to target surface, an ellipsoidal profile (Anisimov, Luk’yanchuk, and Luches 1996) and
is formed by about 1015 particles per laser pulse, with a Maxwell distribution of velocity:
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where v  and v  are, respectively, velocity (orthogonally oriented with respect to target surface) of a
particle and of the plume mass centre; average mean velocity in vacuum is, generally, 610  cm s∼
(Walczak 2010).
1.4.2.2 Femtosecond laser ablation
This regime is characterized by pulses whose duration is shorter than energy transfer time from
electron to the lattice. For this reason, in the equations  and  is not possible to neglect the electron-
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phonon interaction term: laser  energy is  transferred  first  to  the electrons  and from them to the
lattice,  as an inner heating source.  The analysis of the process is easier  for the case of metals,
described in the following and adapted to the semiconductor case of our interest.
Basically, the idea is to, separately, analyze the electronic and the lattice equations, since the two
systems  are  characterized  by  different  characteristic  times  (Amoruso  et  al.  2005).  One  can
demonstrate that ablation takes place when laser fluence overcomes limit fluence of vaporization
Fth, whose expression is (Wellershoff et al. 1999):
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where  ρ is  the  material  density,  Lν vaporization  latent  heat  per  mass  unit,,  α the  absorption
coefficient  and A is the superficial absorbance.  Nolte et al.  (Nolte et al. 1997) proposed for the
TTM equations a solution that links the laser fluence with the ablation depth ∆L due to the laser:
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where F F and thF
δ
 are respectively absorbed and optical limit fluence (δ is the optical penetration
length). If thF F δ≫  , the thermal regime is established for the system, whose electron transfer energy
overcomes characteristic optical penetration δ. In such regime, ∆L becomes:
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in which  lthF   indicate limit fluence for thermal regime and l is the electrons thermal penetration
length (Nolte et al. 1997).
In semiconductor and dielectric materials, absorption is due to two phenomena: avalance ionization
and multiphotonic ionization. The first is a step process consisting in the subsequent ionization of
atoms by means of high energy electrons: laser absorption can transfer  an amount of energy to
electrons enough to cause an avalanche process in which free electrons can transfer energy to bound
state carriers  that  in turn will  induce ionization processes.  This mechanism it  is  assumed to be
dependent to the free electrons density and be proportional to laser intensity (Grigoropoulos 2009).
The multiphoton ionization occurs when the material band gap is higher then the energy of incident
photons: in this circumstance, in fact, a single photon is not able to transfer enough energy to create
an electron in the conduction band. In multiphoton transition, N photon of energy hν are “view” and
absorbed by the material as a single photon with energy Nhν: in this way, it can ensure the initial
creation of carriers necessary for the verifying of ablation process. In large band gap semiconductor,
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for high laser intensity (>1013 W/cm2), as for typical fs pulsed laser, ablation occurs only by means
of multiphoton ionization. For higher band gap materials, other phenomena occurs, as coulombian
explosion,  negligible  for  metals  and  semiconductors.  A  schematic  representation  of  both  the
processes is shown in Fig. 8.
Fig. 8.  Absorption due to avalanche ionization and multiphoton ionization.
In  the  TTM for  semiconductors  and  dielectric,  have  to  be  introduced  a  differentiation  for  the
coupling  between  electron  and  phonons:   lattice-electron  interaction  promote  the  increasing  of
optical  phonons,  thus  preserving  the  validity  of  the  TTM as  described  before,  with  a  thermal
equilibrium reached for times in the order of 10 ps. In the parameter S Eq. , a non-linear  photon
absorption contribution and a time dependency for the coefficient A since absorption varies by time
as electrons are created in the conduction band due the ionization processes at the base of ablation
(Grigoropoulos 2009; Bulgakova et al. 2004). However, the strong localization of interaction with
laser in ultra-short time and the high efficiency in the generation of the carrier makes scale time of
thermal relaxation for semiconductors and metal time comparable.
Irradiation and heating by laser energy absorption is, of course, only the very initial part of the more
complicate ablation process. Only considering the ultrashort material thermalization time (in the
order of ps) is not enough for explaining the expansion of the material, that occurs when a proper
pressure gradient is established in the irradiated material with respect to the external environment.
Irradiation absorption causes the formation of a supercritic fluid (with density of the order of solid
density) at a temperature radiation-dependent. Perez and Lewis (Perez andLewis 2002) proposed a
model for the description of the whole ablation mechanics, starting from the supercritic fluid and
following its dynamic that leads to the formation and expansion of the plume. For this latter, by
means of a Lennard-Jones bidimensional potential, it is obtained the phase diagram of temperature
in function of material density (Fig. 9) and it is found plasma forms and evolves according to a
four-steps mechanism: spallation, phase explosion, fragmentation and vaporization.
The spallation occurs when absorbed energy is near to threshold energy: heating the material over
the critical point (CP) at constant pressure leads to its relaxation towards the solid state following
the phase-coexistence areas but, increasing the energy of the systems, this relaxation cab bring the
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material to the liquid-gas phase passing to the bimodal curve that links the critical point with the
triple point. In this condition, fusion of the system takes place with formation of vapor bubble: if
this transition phase is fast, it can end with the phase explosion. Fragmentation occurs when elastic
energy  stored  by  the  material  is  equal  superficial  energy  of  the  ideal  isolated  system:  in  this
situation, a fragmentation of the material occurs with the formation of little conglomerates.  When
laser energy is enough high to make superficial states reach atomization, the vaporization process
starts, being the correspondent thermodynamic curves far from the liquid-gas coexistence curve. In
the fs ablation regime, a little amount of the material is in micrometric clusters (Amoruso, Vitiello,
and Wang 2005).
Fig. 9. Phase diagram (T,ρ). S represent solid phase, L is the liquid phase and V, the gas phase. CP
and TP are respectively the critical point and triple point. Lines 1-3 indicate adiabatich path given 
certain initial condition for temperature and density (T0,ρ0)
Chapter 2 
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Opto-chemical  approach  to  gas  sensing
based  on  photoluminescence  transduction
in metal oxide systems
The  original  research  work  discussed  in  the  present  dissertation  regards  the  study  of  the
photoluminescence  (PL)  response  to  adsorption  of  oxidizing  molecules  in  some  specific  metal
oxides. Aim of the present chapter is to  provide the basic knowledge necessary to motivate and
discuss such approach to gas sensing. Therefore, I introduce here the topic of photoluminescence
phenomena in semiconductors, also depicting some basic and phenomenological modeling capable
to approach the issue of photoluminescence quenching caused by adsorption of oxidizing molecules
on surfaces of light-emitting oxides. 
To be more precise,  in the first section I will present  an introduction to the photoluminescence
phenomenon in semiconductors i.e. a radiative de-excitation process occurring in a material excited
by means of light stimulus. An overview of the main physical origin of photoluminescence process
is  also  reported  (interband  transitions,  exciton  transitions,  defect  states  transitions).
Photoluminescence process plays an important role in probing of quantum-mechanical electronic
states of a material,  since the photon emission is strictly material-specific,  and can even give a
general sight on its main structural and morphological properties. 
In presence of adsorbed gas molecules, PL emission may undergo to modulation, caused by change
in the density of excited states and/or by a change in the radiative recombination probability. The
second section is devoted to a phenomenological modelling of the gas- induced PL modulation. In
particular, it will be shown the difference relying in the two processes at the base of PL variation,
presenting the concept of static and dynamic quenching. With the support of the Langmuir theory, it
will be found an explicit correlation between PL modulation and ambient gas pressure. 
Experimental literature studies supporting the described modelling will be reported in section 2.3. 
2.1 – Photoluminescence: an overview
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When interaction between a material  and an external  energy source occurs,  different  excitation
processes can take place, leading to the creation of excited, unstable states. Restoring of the ground
state  condition  can  be  reached  through  several  decay  channels:  when  a  radiative disexcitation
process occurs, i.e. the energy is released via emission of photons, we are in presence of the so
called luminescence phenomena. According to the typology of the external exciting source, we can
define several kind of luminescence: for instance, we can distinguish between thermoluminescence
(excitation obtained heating the system),  chemiluminescence (in which chemical  reaction is  the
active exciting source), electroluminescence (electric current-induced) or photoluminescence (with
excitation process  obtained irradiating the material).  Generally  speaking,  this  kind of  processes
plays an important role in probing of quantum-mechanical electronic states of a material, since the
photon emission is strictly material-specific, and, as it will be explained in the next chapters, can
even give a general sight on its main structural and morphological properties. An emitted photon
with  wavelength  λ,  in  fact,  has  an  energy  E  (given  by  the  formula  E  =  hc/ λ)  whose  value
correspond to the energy gap between the excited state level and the ground state level: it is thus
clear  that  analyzing  the  luminescence  spectra  can  give  precise  information  on  the  energy
distribution levels in the material. Moreover, since the luminescence can occur until the external
source is active and/or the excited state exists, isolating the system immediately after excitation
allow the examination of decay kinetics and excited state lifetime. 
From now on, the attention will  be focus only on the photoluminescence process,  with a more
detailed overview on basic theoretical statements and on its importance as probing means in the
analysis of optical properties of materials. In particular, this process includes the fluorescence, with
its  photon  emission  within  100  ms  from  excitation,  and  the  phosphorescence,  for  which  the
emission occurs after 10-5 s.  
In  the  photoluminescence  (PL),  as  previously  mentioned,  the  excitation  of  a  material  due  to
absorption  of  electromagnetic  radiation  leads  to  the  creation  of  excited  stated,  whose  radiative
decay gives  place to emission of  light.   For  a  semiconductor,  this  process is  actuated with the
recombination of photoexcited electron-hole pairs, with a release of energy dependent on the energy
level position of the two carriers involved in the process and can be supposed as compound by three
main steps:
excitation :consists  in  the  electromagnetic  radiation  adsorption   and  electron-hole  couples
generation. In first approximation, it can be considered as an instantaneous process;
thermalization: the system reaches thermodynamic equilibrium by carriers-carriers and phonon-
carriers interaction: n this step, carriers reach the edge of the respective band. Its duration is from
some tenths of femtoseconds to some picoseconds, depending on the carrier density; 
recombination:  radiative process due to ground state relaxation of carriers.
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Since  the  photoluminescence  emission  is  strictly  correlated  to  the  energy  distribution  of  the
material,  it  is  clear  the  extreme importance  of  having  knowledge  about  the contributors  to  PL
spectrum,  both  for  an  optical  characterization  of  the  material  and  for  eventual  applications  in
macroscopic mechanical devices. Briefly in the next they will be reported the typical main active
PL center.
2.1.1 Interband transitions
In a semiconductor single crystal, the described photo-excitation process with creation of electron-
hole in the respective band by irradiation is possible only by absorption of “over-band gap energy”
photons,  since,  by  definition,  in  the  band-gap  region  no  available  state  for  the  carrier  exists.
Moreover,  simple  considerations  on  lifetimes  allow  assuming  as  active  elements  for  the
recombination mostly thermalized charged carriers, distributed along the edges of their respective
band giving a radiative emission with near the band gap energy. In real systems, additional levels in
the  energy  distribution,  as  effect  of  the  presence  of  defect  states,  just  introduce  extra  decay
channels, but is reasonable to expect that interband transitions are the main contributors to the PL
emission. It is worth noting how the conversation of crystalline momentum plays a crucial role in
this  process.  In  particular,  very  strong  radiative  emission  is  usually  observed  in  direct  gap
semiconductors,  while  much  smaller  light  emission  efficiency  are  observed  in  indirect  gap
semiconductors. Such difference lies in the momentum conservation principle, that leads to fact that
only “vertical” inter-band optical transition (i.e. preserving the crystalline momentum) are allowed
due to electron-phonon interactions. In indirect gap semiconductor, the inter-band transition it is
necessary  the  assistance  of  a  phonon  providing  for  the  crystalline  momentum  difference  of
thermalized charge carriers. Generally, the greater is the number of involved particles in a process,
the less is the probability it happens: this explain the difference between direct and indirect gap
semiconductor emission, with the further PL interband emission weaker then for the direct one.
Few considerations easily allow obtaining an approximate expression of PL intensity emission for
direct gap (the indirect  gap PL expression is omitted being just a generalization of the simplest
direct gap case). For each photon energy hν, PL line is proportional to the number of states per unit
volume with energy difference ∆E equal to hν, i.e. the joint density of states (DOS) for the system,
and  to  a  temperature-dependent  factor  taking   into  account  the  effect  of  temperature  in  the
occupation number of states. These simple considerations thus obtaining in total:
1 2( ) exp[ ( ) /      for  ( )
0                                                     otherwise
g g B g
PL
E E k T E
I
ω ω ω
ω
 − − − ≥
∝ 

ℏ ℏ ℏ
ℏ
 
34
where a Boltzmann factor is used to take into account the temperature influence on the electrons
and holes populations.   
The temperature parameter appearing in the above expression is related on the statistical thermal
distribution of charge carriers and not has to be confused with the lattice temperature, describing
instead  the  vibrational  state  of  the  crystal  and  its  phonon  distribution.  Electrons  and  holes
temperature  can reach  higher  values  than  that  of  the crystal  lattice  when high  intensity  source
excites  the  system.  Photoluminescence  is  indeed  one  of  the  few  methods  allowing  a  direct
determination of carrier temperature (Yu and Welber 1978).
2.1.2 Exciton transitions
An effect that should be taken into account in presence of real crystal is the possibility of Coulomb
interaction between electrons and holes, that brings to the formation of bond states, the so called
excitons, a bosonic quasiparticle that, in turn, can exist as a free or localized state, generating from
the interaction with atoms in the periodic structure. Formation and lifetime of excitonic states is
strongly dependent on the temperature of the system: thermal motion of electrons and holes, in fact,
affects  the  binding  that  results  to  be  broken  if  the  excitonic  binding  energy  is  less  than  the
Boltzmann thermal energy kBT. The presence of excitons influence in the PL spectra results  in
shifted emission lines,  that  differs  from near-  band edge emission for  a  value equal  to  exciton
binding energy, where the “missing” energy amount corresponds to the energy necessary to break
the electron-hole binding. Once the charge carriers are decoupled, they recombine as previously
described. Thus, this temperature dependent emission is more evident at low temperature,  when
thermal vibration is less effective even if in some material, as ZnO, it is strongly evident even at
room temperature, being binding energy very high.
2.1.3 Defect states transitions
In this last category can be grouped all that defect states causing the loss of the periodicity in the
atomic configuration of a real crystal  such as atom vacancies or substitutions, interstitial atoms,
dislocations, extrinsic doping, etcetera. Crystal defects, in fact, can act as traps for electrons and
holes causing, in terms of energy distribution, the availability of extra energy levels, situated in the
“forbidden” intergap region found starting with the Block theorem for a perfect crystal. PL emission
generated from these occupied states results peaked at energy values well below the band gap. 
Defect states radiative emission are observed in PL spectra of many transparent conductive oxides
in which, moreover,  these deep states very often are associated with surface sites, thus making
encouraging studies on the possible use of them as active element in PL-based gas sensor devices. 
2.2 - Phenomenological modeling for gas-induced PL quenching
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Under a given and constant stimulus (i.e. laser excitation), the total intensity (i.e. number of emitted
photons) of photoluminescence emission spectrum depends on the number of excited states (i.e.
photoexcited electrons and holes) provided by the excitation source times the probability associated
to  a  radiative  recombination.  Therefore,  it  is  quite  intuitive  that  any  eventual  modulation  of
photoluminescence intensity caused by gas adsorption may arise mainly due to two reasons: a) an
increase/decrease of the density of excited states, and/or: b) a change in the radiative recombination
probability.
In the present section, I will illustrate a phenomenological modeling capable to describe these two
latter effects, also introducing some useful concepts such as the “dynamic” vs. “static” quenching
mechanism. The modeling relies on the use of a simple two-level system to approach the issue of
the correlation between the PL intensity modulation and the external partial pressure of the gas to
which the material surface is exposed.
One of the advantages of the following approach is in not requiring to specify the actual chemical
nature of states contributing to PL emission, that are simply referred as light-emitting centers (LEC)
and existing only in  two states  (i.e.  two-level  model),  namely the  fundamental  state  X and an
excited state X*. In such a scheme, PL intensity, given by the total number of radiative transitions
taking place after excitation, depends on the probability that such emitting processes occur and on
the density of involved states (indicated as [X] and [X*]). As already mentioned, when the material
is inserted in a non-inert atmosphere, gas adsorption can affect  both the probability of radiative
recombination and the number of available emitting states. The two cases characterize the dynamic
and the static quenching, respectively. 
2.2.1 Dynamic quenching of PL intensity
We consider here a two-level system interacting with the environment only by photon absorption
and assume that  both radiative  and non-radiative  recombination pathways  are  available  for  the
decay of the excited state (X*) toward the fundamental state (X).
Here we assume that the presence of gas molecules adsorbed at material surface and acting as a PL
quencher induces the occurrence of an additional non-radiative recombination path, thus reducing
the probability for radiative emission and, in turn, the PL intensity. 
Under such hypotheses, the possible processes involving X and X* states are shown below: 
Excitation:                                                  
  *
I
X h X
ωα
ω+ →                                                
Radiative recombination: * '
rk
X X ω→ + ℏ  
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Non-radiative recombination: *
nrk
nrX X Eδ→ +  
Quenching:                                                 * *
qk
adsX Q X Q+ → +             
The above expressions indicate that the absorption of laser photons (whose energy is energy ωℏ ,
see  Eq.,  creates  excited  states  X*,  which  can  undergo  to  different  transitions  towards  the
fundamental state X.  Recombination processes are represented by: emission of photoluminescence
photons (whose energy in ωℏ , see Eq. ); non-radiative processes (with exchange of a certain energy
δEnr with the crystal lattice, Eq.) or though energy exchange with adsorbed gas molecules (Eq. ). To
each of the four processes is associated a recombination rate W, defined as the number of processes
having place per unit volume and time. It depends on the density of states [X] and [X*] by means of
coupling constants (kr, krn, kads), and their expression is:  
Excitation rate:                                               [ ]excW I Xω ωα=                                                        
Radiative recombination rate:                         [ *]PL rW k X=                                               
Non-radiative recombination rate:                  [ *]nr nrW k X=                                               
Quenching rate:                                              [ *][Q ]Q q adsW k X=                                                  
Here,  Iω and  ωα represent  the intensity of light source (laser) and absorption coefficient at laser
photon energy  'ωℏ  (respectively); [Qads] is the density of quencher  adsorbed  on the material (in
principle this density differs from the one of environmental gas), and [X] ([X*]) is the density of
fundamental (excited) states. 
To obtain the expression for the PL intensity obtained under continuous-wave (CW) excitation (i.e.
“continuous wave photoluminescence” or CWPL), it is useful to calculate the recombination rates
for [X] and [X*]. In fact, the emitted radiation intensity is proportional to the number of radiative
transition per unit-time which, for CWPL, depends on the value of the recombination rate at steady
state.  Assuming  that  no  other  processes  are  involved  in  the  transition  processes  except  those
reported in Eqs.  to , we obtain 
([ ] [ *]) 0d X X
dt
+ = and  [ ] [ *] 0SS SS
d dX X
dt dt
= = ),  valid  for  excitation  provided  by  a  stationary
source (as for a continuous-laser in CWPL), starting with a manipulation of expressions - leading
to:
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[ *] [ ] ( )PL NR Q exc
d X d X W W W W
dt dt
= − = − + + + ,
Imposing now the steady-state conditions by the position *[ ] [ ] 0SS SSd X dt d X dt= =  and considering
firstly the case in which the quencher is absent ([Qads] =0), we obtain:
[ *] [ ]0 ( )[ *] [ ] 0 [ *]   ,    ss ss
r nr ss ss ss D r nr
D
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Recalling that the photoluminescence intensity (emitted photon flux Φ) is proportional (apart from
unessential geometrical factors) to the radiative recombination rate Wr (i.e. the number of photons
emitted per unit time and volume), the following expression is obtained: 
0 [ ][ ] ssPL r ss r
D
I Xk X k
k
ωαΦ = =
 
where  0PLΦ represents the PL emission intensity when no gas (or just inert gas) interacts with the
material  ([Qads]=0).  The  previous  expression  indicates  that  the total  yield  of  emitted  photons
depends on the excitation intensity adsorbed by the material  ( Iωα ),  on the density of available
LECs  ([X]ss)  and  on  the  probability  associated  to  radiative  recombination,  represented  by  the
internal radiative quantum efficiency ( )r r nrk k k+ . 
Adding an additional recombination channel related to gas adsorption ([Qads] ≠ 0) we obtain: 
[ *] [ ]0 [ *] [ ] [X*] [ ] 0 [ *]  [ ]
ss ss
D ss ss q ss ads ss
D q ads
d X I Xk X I X k Q X
dt k k Q
ω
ω
α
α= ⇔ − + − = ⇔ =
+
 ,
and thus: 
[ ][ ] [ ]
r
PL r ss ss
D q ads
kk X I X
k k QωαΦ = = +  
The role played by the gas adsorption in modifying the PL intensity is now clarified. In fact, in the
developing of all the previous expressions, we assumed that the steady-state density of emitting
centers [X]SS is not changed by presence of a quencher, while this latter affects the PL process only
by adding as additional recombination term associated to a coupling constant kq.
The ratio between PL emission intensity in inert ambient and in presence of the quencher is given
by: 
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Thus, we see that in order to obtain a functional law linking the PL quenching and the external
(partial) pressure of the gas analyte we need to link this latter to the surface density of adsorbed
molecules [Qads]. To this aim, a quite general expression can be provided by the Langmuir formula
that will be treated in the next sections. The Langmuir model assumes a maximum possible density
of adsorbed molecules, or in other words a finite surface density of available adsorption sites. We
indicate this latter by Q0. Introducing the coverage  θ as the fraction of occupied quenchable sites
(i.e. θ = [Qads]/[Q0]), we have:
0 1 Q
D
k
k
θΦ = +
Φ
 
where [ ]0Q qk k Q= ⋅ .  This expression shows that variations of photoluminescence emission can be
expressed by determining the surface coverage  on the material  when a gas  is introduced in the
ambient atmosphere.  The issue of determining the surface coverage vs.  external  gas  pressure is
discussed in section 2.3.
2.2.2 Static quenching of PL intensity
Adsorption of gas molecules acting as PL quencher can lead to a different scenery with respect to
the  simple  introduction  of  extra  recombination  channel  (that  was  the  subject  of  the  previous
section). In fact, modifications on electronic energy spectrum and on properties of electronic states
can be introduced by chemical interactions between material and adsorbed species. In this case, we
are in presence of the so-called “static quenching” mechanism, whose differentiation with respect to
the dynamic quenching is the changing in the density of LEC due to gas-material interaction. A
simple modeling is obtained starting from the Eqs. -,  since all possible recombination paths for
excited carriers are exactly the same as in the case of the dynamic quenching process in absence of
gas interaction. From calculation previously reported, we have:
0[ ][ *] ;    [ ] [ ]ss rss PL r ss ss
D D
I X kX k X I X
k k
ω
ω
α
α= Φ = =
 
In the above expression we now introduce the dependence between LEC and adsorbed quencher
densities. In first approximation, one can assume a linear proportionality between them, obtaining,
despite to the simplicity of the expression, results comparable with real  material behaviour (see
section 3 for some literature examples). We can thus define:
0 0[ ] ( ) [ ] (1 '[Q ]) [ ] (1 )ss ss ads ssX Q X Xβ βθ= − = −  
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where [X]ss is LEC density in absence of quenchers, [Qads] is the concentration of adsorbed species
and  β =  β’[Q0 ]  is  a  proportionality  constant.  In  this  expression,  again  the  total  coverage  is
considered  a  fixed,  material-dependent  parameter.  On  balance,  ratio  of  PL  emissions  is  now
expressed by:
0 1
1 αθ
Φ
=
Φ −
 
Some considerations are now needed for a better comprehension of the whole mechanism. 
First, we underline that unless a link is given between the coverage and the external gas pressure
(which the controllable experimental parameter), real experimental results can hardly be handled.
For this aim, in the next section (2.3) it will be reported the adsorption process model proposed by
Irving Langmuir.
Secondly, we consider the expression reported in Eq.. It is clear that its validity is ensured only for
values  of  βθ less  than  unity  (an  “over-coverage”  surface  is  not  considered  as  possible  in  the
development of this basic theory). Thus, from series expansion 0Φ Φ :
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we can see that for small values of αθ  ( 1αθ ≪ ) it reduces to the following expression: 
0 1 αθΦ ≅ +
Φ
 
A comparison between  and  shows that they share the same functional form, that can be referred as
“proportional  quenching”  (due to the direct  proportionality  with the coverage).  In  other  words,
static PL experiments alone may not allow distinguishing between static and dynamic quenching
mechanisms. To obtain further insight, we should rely on additional analyses. In particular, we will
discuss  in  section  2.4  about  the  importance  of  time-resolved  PL experiments  to  obtain  a  clear
insight in the physical processes underlying the PL quenching phenomena.  
2.2.3 Surface coverage in Langmuir theory
Langmuir theory allows obtaining an explicit link between the surface coverage and the external
(partial) gas pressure. The statements on which this model is based are the following ones: 
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• adsorption of molecules takes place on specific superficial fixed sites,, indistinguishable to
each other from energy point of view;
• on each site only one molecule at a time can be associated;
• the same desorption enthalpy is associated to each site;
• atoms and adatoms translation on the surface or into the material is not allowed (monolayer-
adsorption).
With these assumptions, it is possible to obtain an expression (Boer 1953; Hudson 1998) linking
surface coverage (θ) and partial pressure (P) of ambient gas molecules:
(P)
1
bP
bP
θ =
+
 
where b is a temperature dependent parameter given by:
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In  which  τ0 is  the  mean  lifetime of  adatom in the  limit  of  high  temperatures  and  ∆Hdes is  the
desorption enthalpy (Hudson 1998).
With these findings, we can thus obtain an expression that quantifies dynamic and static quenching
in function of external partial pressure P of quenching gas molecules:
0 ("dynamic quenching")     1        (1 )
Q
D
k bP
k bP
⋅Φ
= +
Φ +  
0 ("static quenching")1          
1 (1 )
bP
bPα
Φ +
=
Φ + −  
We  have  thus  obtained  a  desired  expression  for  the  coverage,  linking  it  to  the  experimental
parameter (i.e. the external gas pressure) that is typically measured and controlled. 
Again, we can see that in the low pressure limit both expressions reduce to a linear “proportional
quenching” regime. In the limit of 1bP ≪  (i.e. bPθ ≈  ), Eq.  leads the Stern-Volmer equation:  
0 1 1Q
D eff
k b PP
k P
⋅ Φ
= + = + Φ  
 ,
where effP  acts as an “equivalent pressure” parameter that quantifies the effect of gas molecules at
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given  pressure  P.  In  case  of  low  pressure  effP P≪   we  have  for  the  Stern-Volmer  equation
0 [1 ( )]effP PΦ = Φ ⋅ − ,  in  which  is  evident  a  linearly proportional  dependence  of  the
photoluminescence  emission with  respect  to  the external  gas  pressure.  The same trend  can  be
obtained  for  the  static  quenching  case,  for  which  in  the  limit  1bP ≪  we  have
0 0(1 ) (1 )bPαθ αΦ = Φ ⋅ − ≅ Φ − .
Results  obtained up to now on the influence of adsorbed quenching species  are summarized in
Table 3.
Type “Dynamic” “Static”
Quenching mechanism Quencher  introduces  additional  non-
radiative recombination channels
Quencher modifies the number of
available emitting centers
PL intensity ratio vs
quencher coverage
0 1 Q
D
k
k
θΦ = +
Φ
          
0 1
1 αθ
Φ
=
Φ −
PL intensity using
Langmuir model
0
1( )
1 (a )
bPP
b P
+Φ = Φ ⋅
+ +
      0( ) 1 1
bPP
bP
α Φ = Φ − + 
Table 3: Summary of static vs dynamic quenching results.
2.2.4 Importance of time-resolved photoluminescence analysis
As  demonstrated  previously,  static  and  dynamic  quenching  mechanisms  can  lead  to  the  same
functional law of quenching ratio vs. external gas pressure in cases where the modulation is not
large. In order to distinguish between these two cases, time-resolved photoluminescence technique
is of great help. In fact, the real difference between the two is the presence or not of an additional
non radiative decay channel, resulting in the change or recombination lifetimes. From equation -,
we have in fact for the total rate equation:
[ ][ *] (k [ ]) *PL nr Q D q adsd X dt W W W k Q X− = + + = +  
Considering that total PL emission is proportional to the radiative rate integrated over time, one
obtains for the PL yield:
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*0 0[ *] exp( ) [ ]r t r tk X t dt k Xτ τ= =Φ ∝ − =∫  ,
and,  consequently,  0 0τ τ = Φ Φ  ,  where  τ and  Φ are  respectively  the  effective  recombination
lifetime  and  PL  yield  (the  subscript  differentiate  presence  and  absence  of  quencher  cases).
Moreover,  remembering  Eq.  ,  one can write  the following Stern-Volmer  expression (Stern and
Volmer, 1919)
0 01 [Q ]q adskτ τ τ= +  
Adatoms  density  affecting  on  the  probability  of  radiative  decay  thus results  in  changing  the
recombination lifetime. Clearly, such a result does not occur in case of a mere reduction of LEC
density, characterizing the static quenching. Thus, analysis of TRPL can be of crucial importance
for distinguishing the dominant process at the base of photoluminescence quenching.
2.3 - Some literature examples of gas-induced PL modulation in oxide systems
Among metal oxides, tin dioxide (SnO2) is probably the most employed material for gas sensing
applications.  SnO2 is  a  wide-bandgap  n-type  semiconductor  that  generally  finds  application  in
several fields, such as catalyst support, dye-based solar cells and transparent electrodes. Moreover,
its chemoresistive responses strongly encouraged its use in conductometric gas sensors, up to being
nowadays one of the most exploited materials in this area.  The possibility of growing quasi-1D
SnO2 structures, with well-defined single crystal surface (Dai et al. 2002; Liu, Dong, and Liu 2004;
C. F. Wang et al. 2004; Ramgir, Mulla, and Vijayamohanan 2004) boosted the interest in testing
and studying such single-crystal structures as active gas-sensitive elements. 
Quasi-1D single-crystal SnO2 nanostructures exhibit a PL spectrum extended in the visible range.
More  precisely,  structures  having  different  lateral  size  dimensions  and  morphologies  (such  as
nanoribbons  (Hu et al. 2003)  nanotubes (Zhou et al. 2006),  nanobelts and nanowires (He et al.
2006; D. Calestani 2005; Zhou et al. 2006; Cai et al. 2005) typical exhibit similar PL spectra peaked
around 1.7-2.1 eV.   Such  a  PL activity  essentially depends  on the  defect  composition  and on
stoichiometric ratio  of  the oxide,  as it  can be inferred from PL studies  on samples undergoing
annealing and/or reduction treatments (Jeong, Kim, and Im 2003; He et al. 2006; Chang and Park
2002; Luo et al. 2006; D. Calestani 2005; Maestre, Cremades, and Piqueras 2005; Zhou et al. 2006).
Based on this fact, the possibility to employ PL-based sensing has been investigated in recent years:
the results reported in literature (here reviewed) evidenced how the somehow unconventional opto-
chemical approach allows developing basic studies on light emission mechanisms, in parallel with
dealing with applicative issues.
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In a work by Faglia et al. (Faglia et al. 2005) change of PL emission intensity of SnO2 nanobelts
prepared by thermal deposition is reported. Gas used for the sensing test are NO2 (0.3-10 ppm), NH3
(50ppm) and CO (10-1000 ppm) in dry and humid synthetic air and normal ambient pressure and
temperature conditions. In Fig. 10, it evidenced the behaviour in presence of 1 ppm of NO2, in dry
air and at different percent of humidity, while the sample temperature is keeped at 120°C. A fast
response to changing of gas concentration is noticed, going to 90% of steady state level in just 30 s.
Authors evidenced that such a dynamic is faster than the one observed in usual conductometric
sensors,  whose  response  time is  usually  of  the order  of  minutes.  Interestingly,  no influence  of
vapour water is instead observed: presence of humidity usually affects the performances of common
metal oxide electrical gas sensors since water interaction leads to formation of hydroxilated surface
layer, acting as electron donor and modifying electrical properties (107). 
Fig. 10. A. NO2 effects on PL emission in dry air (left) and different humidity concentration (right). B. Presence of CO
and NH3 does not induce any modification in PL emission intensity.
Moreover, it is found that NH3 and CO presence does not affect the photoluminescence efficiency
of tin oxide. In contrast, the electrical activity (conductance) is usually affected by the presence of
these two gas species. These considerations about temporal dynamics and relatively low activity of
interfering  species  such  as  humidity  and  ammonia  suggested  to  authors  that  gas-induced  PL
response is somehow driven by mechanisms different  from these controlling the chemoresistive
response. 
Successive works carried on by Lettieri and co-workers (S. Lettieri, Setaro, et al. 2008) examined
such effects in more detail employing both CWPL and TRPL analysis. Some experimental results
are shown in Fig. 11. It is demonstrated that few ppm of gas induced quenching of PL emission,
whose  trend  in  function  of  NO2 concentration  is  strongly  nonlinear,  showing saturation  as  gas
pressure increases.  Such behavior is typical  of Langmuir  proportional quenching regime.  TRPL
spectrometry allows evidencing no influence of the gas species on the temporal decay dynamics,
suggesting a static dynamic. These findings, with the support of the mentioned literature results,
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allowed authors  to  formulate  a  hypothesis  about the physical  origin of light  emission in  SnO2,
attributing  the  role  of  green-PL emitting  centers  in  SnO2 to  surface  oxygen  vacancies.  In  this
picture,  NO2 molecules  act  by  suppressing  the  energy  levels  responsible  for  PL  emission,  as
suggested  by  the  observation  of  gas-insensitive  recombination  lifetimes.  Confirms  on  these
statements are found in theoretical work on ab-initio calculation (Ishiguro et al. 1958; Prades et al.
2007; Prades, Cirera, and Morante 2007; Trani et al. 2008; Becke 1988; Parr and Yang 1989)
Fig.  11.  SnO2 optical response  to different  concentration of NO2.  Left  panel: CWPL spectra.  Right  panel.  TRPL
spectra.
Another  interesting  example  supporting  the  validity  of  Langmuir  model  in  the  gas-dependent
photoluminescence modulation is offered by amorphous silica. In this case we are in presence with
a dielectric semiconductor, whose insulator characteristics rule out the use of such a material for
conductometric sensors. Nevertheless, interest on this material for sensing applications indeed exist,
encouraged by the possibility to prepare highly-porous SiO2 (mesoporous silica). 
Use of SiO2  for sensing applications is already settled in some cases, e.g. as coating material in
optical fibers for absorbance-based gas sensing. Interestingly, natural luminescence porous silica is
naturally available in high amounts as shells (frustales) of diatoms, unicellular algae consisting in
two valves connected by a series of silica bands linked along the margins. Their surface is porous-
rich, covered by micropores and mesopores, whose sizes range from few hundred nanometers up to
few microns. Porosity and the intense photoluminescence activity (Butcher et al. 2005) showed by
frustrales, make them good candidate for PL-base gas sensing applications.
Studies  conducted  on the  PL modulation in  different  diatoms frustrale  induced  by gas  species
(Bismuto et al. 2008; Setaro et al. 2007) demonstrated again a PL quenching in NO2 atmosphere
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and, on the other hand, PL enhancements when interacting with electron-donor species. Further
studies performed with the introduction of infrared and TRPL spectrometry suggested, in this case
too, a stoichiometric-dependent PL activity originating from under-stoichiometric surfaces on a-
SiO2  exhibiting  –OH termination  (Stefano  Lettieri  et  al.  2008).  An example  of  PL quenching
saturation  under  increasing  NO2 concentration  is  shown  in  fig-  AlgaLangmuir,  as  in  a  typical
Langmuir-like trend. A static quenching mechanism was proved by means of TRPL measurement
and CWPL analysis performed ad different temperatures. 
As predicted by Eq.  it is expected a decrease in the dynamic range of PL ration 0Φ Φ  with the
increase of temperature.  In Fig.13, experimental data of measurement at different temperature are
reported, with the respective fit, evidencing a good agreement with the expectations from Langmuir
model.  
Fig.  12. PL  quenching  (left)  and  enhancing  (right)  under  gas  exposure  observed  in  different  diatoms  frustrules.
Saturation in the emission with the increasing of gas molecules concentration is evident and in a good agreement with
Langmuir model expectations.
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Fig.  13.  Photoluminescence quenching ratio  vs.   NO2   concentration for  Thalassiosira   rotula  diatom
frustules obtained at different sample temperatures. Circles: T = 20°C; Squares: T = 70 °C;  Triangles:  T =
100 °C. The dashed lines represent the best-fit curves obtained using the Langmuir model. (Stefano Lettieri
et al. 2008)
Chapter 3
Experimental details 
This chapter is devoted to the description of the instrumental setups used for both structural and
optical experimental part of my work, which dealt with deposition and photoluminescence analysis
of TiO2 and ZnO nanostructured thin films. In the first section I describe the pulsed laser deposition
apparatus, followed by a brief summarization of the technique used for the growth of ZnO samples.
In the second section, technical details about the apparatus for photoluminescence spectroscopy in
controlled environment are reported.
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3.1 - Pulsed laser deposition: methods and technical details 
Pulsed laser deposition apparatus mainly consists in a laser source for the ablation, a series of optic
systems providing the proper  laser beam focusing and path, a vacuum chamber with controlled
ambient pressure and some mechanical systems as frames of target and substrate. A schematic view
is shown in Fig. 14. 
The laser  source  used  for  our  set  of  depositions  in  fs  regime  is  a  solid  state  Nd:Glass, mod.
TWINKLE,  produced by Light  Conversion. Active element  in this laser is  an amorphous glass
matrix  presenting substitution of  yttrium atoms by neodymium atoms in the yttrium-aluminium
structure. The amorphous nature of the system gives rise to an enlarging of the emission bands,
allowing  thus  the  oscillation  of  a  huge  number  of  spectral  modes.  This  properties  makes  the
Nd:Glass laser suitable  for the mode locking technique, allowing the generation of output pulses of
≈1 ps, 3 mJ energy and 1055 nm wavelength at a repetition frequency of 33 Hz- Frequency can be
furthermore controlled by means of a shutter positioned in the laser path before reaching the target.
Femtosecond pulses are produced by a system of second harmonic generator constituted by a beam
splitter, that allows almost 70% of the incident infrared pulse reaches a λ/2 lamina for polarization
rotation, and two KDP crystals (potassium dihydrogen phosphate) that collect the beam from the
lamina. Due to birefringence properties of the nonlinear KDP crystal, the laser beam exists from it
as  a  superposition of  two waves (ordinary and extraordinary)  having different  polarization and
propagation velocities (phase velocities). These latter are collected in the second KDP crystal: in
this stage, it is reached the overlap of the two pulses in the central part of the crystal, generating a
second harmonic pulse, with reduced time duration with respect to the initial IR incident beam. The
overall  scheme is shown in Fig.  15.  The so obtained laser  pulse has  wavelength  λ = 527 nm,
duration τp ≈ 250-300 fs and peak energy Ep  ≈ 1 mJ, which is sufficiently high  for the occurrence
of the ablation process in TiO2.
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Fig. 14. Schematic view of the fs-PLD apparatus
Fig. 15. SHG. Second harmonic generation scheme.
The laser beam is focused on a commercial  TiO2 rutile target  (SurfaceNet  GmBH).  During the
ablation process,  a rotation is  induced on it  towards  an external  engine in order  to avoid local
drilling due to the high energy laser beam impinging on it and plum instability. Deposition occurs
on a Si(100) substrate mounted on a proper support positioned orthogonally with respect  to the
plume propagation direction. Substrate-target distance is tunable varying Z and T length (see Fig.
16):  the distance chosen for our deposition is 4.0 cm from the target. The substrate cleaning is
obtained with ultrasonic bath in acetone. 
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Optimal condition for the occurrence of ablation process and nanostructure growth is represented by
the possibility of control of ambient atmosphere in which the ablation and deposition takes place.
This allows, for example, avoiding impurities or unknown components in the resulting deposited or
possible irregularities in the plume formation and travel direction due local turbulences or other
ambient atmosphere effects, with consequent lack of homogeneity in the deposited sample and not
reproducibility. For this reason, target ablation and further deposition on the substrate occurs in a
vacuum chamber whose internal pressure desired condition is obtained by means of a rotative and a
turbomolecular vacuum pump in series. The inferior limit pressure reached for our depositions is 10-
7
 mbar (high  vacuum).  Moreover,  the chamber is  equipped with a system for gas  introduction,
whose flow is manually regulated at the proper pressure, controlled by two vacuum-meters (one
near  the  turbomolecular  pump  and  one  near  the  gas  buffer  entrance  valve). Quartz  windows
complete  the  vacuum chamber,  allowing  the  laser  beam passing  by for  ablation  of  the  target,
electrical supports and systems for the positioning of the substrate and the target. Moreover, the
mechanical support for the substrate was used in this work for the analysis of the deposition rate by
means of a quartz balance.
Fig. 16. Typical scheme of a vacuum chamber for PLD.
3.2 - PL apparatus and measurements protocol
Photoluminescence analyses included  continuous wave photoluminescence spectroscopy (CWPL),
where  excitation source  is  at  fixed wavelength,  and  photoluminescence  excitation spectroscopy
(PLE), where tunable wavelength source is used to provide optical excitation. 
In the first setup, excitation is provided by a He-Cd laser, emitting at 325 (3.8 eV) nm and 442 nm
(2.8 eV), corresponding to photon energies above and below the bandgap transition in many metal
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oxides (and, in particular, for ZnO and TiO2). Laser intensity is monitored by means of a power
meter  mounted  in  the  optical  bench,  in  order  to  compensate  for  excitation  fluctuation  during
prolonged experiments. 
For the PLE, it is used a white-light broadband Xe Lamp (450 power) coupled with a computer
controlled  double-grating  monochromator.  In  both  the  setups,  photoluminescence  spectra  are
acquired by a cooled CCD camera coupled with a 320 mm focal length spectrometer. 
Samples  are  positioned  in  a  PL chamber  provided  by  a  quartz  optical  window,  towards  with
excitation source is focalized through an systems of mirrors and lenses directing the light with an
incident angle of 45°. PL emission is collected through an achromatic confocal lens system and
delivered to the monochromator by means of an optical fiber. All the measurements for PL optical
characterization  are  performed  at  room  temperature.  A  schematic  representation  of  CWPL
apparatus is shown in Fig. 17.
Fig. 17. Pictorial representation of CWPL experimental setup. An opportune substitution of excitation source and the
relative optical system for the redirectioning of the light on the samples, gives the setup for the PLE analysis.
Further analysis on gas-dependent photoluminescence emission makes it necessary the addition of
flow meters for the control of gas pressure injected in the PL chamber, coupled with respective
cylinders,  and a flow meter programmer.  It  is  possible to introduce in  the chamber  up to four
different gas species. In our analysis, PL change in presence of dry air, humid air and nitrogen is
investigated. Air with a percent of humidity is obtained introducing dry air in a bubbler filled with
bi-distilled water. A total gas flow of 250 sccm for each acquisition is established, being a good
compromise between  an amount  of  gas  reasonably sufficient  to  lead absorption processes  in  a
51
proper  temporal  scale  and  the  creation  of  a  “static”  atmosphere  in  the  PL  chamber,  without
turbolences or local pressure gradients.
Measurements  in  controlled  gas  are  performed  in  at  least  two  step,  with  an  alternated  gas
introduction in the PL chamber.  The choice of gas  to be alternated and temporal  condition are
dependent on the aim of the measurement: 
- oxygen effect on the PL emission of titanium dioxide is investigated alternating the introduction of
N2 gas molecules, commonly non reactive gas for TiO2, with an injection of dry air (80% N2 and
20% O2) Each gas step has a duration of one hour, with a frequency of one spectrum acquired each
minute.  An  external  mechanical  shutter  controls  the  exposition  of  the  sample  to  laser  beam.
Alternation of N2 gas step with dry air at different concentrations allows checking the sensitivity
limit of TiO2 thin films to oxygen and testing the overall stability of the system.
- humidity and UV-radiation effect are instead tested alternating a step of dry air with a step of
humid air.  During the  exposition to  dry air,  the sample is  maintained at  equilibrium condition
reducing drastically the light exposition. Humid air flow effect in dark (except during acquisition)
and under continuous light exposure is investigated.
All the system for gas sensing acquisition is controlled by external software specifically developed
in LabVIEW platform: it controls separately the external shutter, the flow meter programmer and
the  CCD.  On  the  front  panel,  partially  showed  in  Fig.  18,  it  is  possible  to  chose  the  initial
experimental conditions, such as all the parameter related to the acquisitions, the number of gas step
and  their  properties,  as  duration  and  number  of  acquisitions.  Moreover,  one  can  specify  the
characteristic  of  gas  flow  introduced  in  PL  chamber,  one  specie  or  mixture  with  the  desired
proportions. 
For each acquisition, PL spectrum is shown, as acquired by the CCD, and the excitation-resolved
map spectrum, obtained integrating the PL spectrum over all the wavelengths. In each moment is
moreover visualized the amount of gas introduces and laser intensity. At the end of the acquisitions,
data  are  recorder  in  file,  containing  information  about  time,  integrated  spectrum  intensity,  gas
species and laser intensity. Analysis on the so obtained data are, then, performed again by means of
another  specifically  developed  LabVIEW  software,  with  the  possibility  of  choosing  the  PL
integration  range,   correction  spectra  taking  into  account  error  source  such  as  laser  intensity
modulation, cosmic ray spurious peak,  responsivity spectrum.
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Fig. 18. Software specifically developed for the control of instrument during analysis of PL dependence to gas and 
analysis of acquired data.
Chapter 4
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Metal oxide nanoparticles: PLD deposition 
and characterization 
The first part of this chapter is devoted to the analysis of the ablation process, focused on the study
of  fluence  and  oxygen  pressure  in  the  ablation  chamber  influences  on  deposition  rate  for  the
femtosecond laser ablation of titanium dioxide. On the base of the obtained information, deposition
condition  will  be  chosen.  Morphological  and  structural  analysis  performed  on  as-grown  and
annealed nanostructured thin films it will be reported in the last paragraphs.
4.1 -  Analysis of the  pulsed laser deposition (PLD) process 
As already  mentioned in  the  previous  chapter,  several  parameters  influence  the  structural  and
morphological properties of nanoparticle films obtained by PLD, namely: laser wavelength, laser
fluence and pulse duration, deposition chamber condition.  A basic parameter to be determined is
the laser beam fluence, defined as the energy density carried by the laser beam impinging on unit
surface. The fluence can be obtained as the ratio between the laser pulse energy and the laser beam
spot. In the next paragraph is reported the experimental procedure used for the measuring of laser
fluence for later discuss about its effecting on the deposition rate.
4.1.1 Measurements of the laser spot and of deposition rate vs. laser fluence 
Different  techniques  are available for  the measure of laser  beam spot,  very often based on the
analysis of trace left by laser on a properly chosen target by means of optical or scanning electron
microscopy. For our work, we followed a method proposed by Liu et al (Liu et al. 2010), generally
applied in  the determination  the laser  spot,  that  has  in  particular  the great  advantage  of  being
independent on the material used as target. At the base of this technique is the relation between the
surface  of  the area  damaged  by interaction  with an incident  laser  beam and its  energy.  If  one
considers, in first approximation, a gaussian distribution for the laser beam intensity, fluence spatial
distribution is given by:
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where F0 is the peak value, r the distance from the centre of the beam and w0 the spot laser radius.
The relation expressing the damaged surface A as a function of threshold fluence, Fth, from Eq.  is
given by the following expression:
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where 20 0wσ pi=  is the parameter to be calculated representing the area of the beam laser spot on
the target while E and Eth respectively, are the pulse and threshold energy (F = E/σ0 is the fluence
mean value) (Uteza et al. 2007).
For our analysis we used a photosensitive paper as target for the laser beam (λ = 527 nm , t = 300
fs).  The trend of damages on the target is studied varying of 1 Hz in the repetition frequency of the
pulses (by means of a mechanical shutter) and collecting 10 hits per point at fixed energy, measured
with a joulemeter (Ophir). All the values of energy E are a posteriori corrected taking into account
the loss  due to optical  elements  present  along the laser  path,  equal  to  circa  20%, as found by
previous measurements. Laser traces on the photosensitive paper are then analyzed with an optical
microscope (Zeiss Axioscope), provided with calibrated CCD and analysis software, for obtaining
an estimation of the area of the trace produced by incident laser.  The damaged area shows an
elliptical shape for all the energy conditions. Experimental results are illustrated in Fig. 19, in which
it is reported the value of the spot σ0 s0 obtained fitting data with equation . From our findings we
have  that  4 20 (4.4 0.4) 10 cmσ −= ± ×  and  target  threshold  (126 13) µJthE = ± ;  the  good  fitting
between experimental data and theoretical distribution allows to consider the spatial profile of laser
as Gaussian (as stated in Eq. .
Laser  fluence  is  a  critical  parameter  in the deposition process  and a preliminary study of laser
fluence effect on the growth of the material is necessary for choosing proper deposition conditions.
For this purpose, we have used a quartz microbalance (QCM) for measuring the deposited mass
variation in function of laser fluence. The microbalance in positioned perpendicularly with respect
to the ablation plume, in the same position reserved to the substrate,  in order to “simulate” the
deposition process and be able to apply the obtained result for the real thin film growth
Fluence variation analysis  is performed in high vacuum (1.3*105 mbar residual  pressure) in the
deposition chamber, with 33 Hz laser frequency and deposition time t = 100 s, modifying fluence
value by means of filters. Experimental results are shown in Fig. 20.
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Fig. 19. Trend of the damage area in function of beam laser energy. 
Fig. 20.  Dependence of deposited material rate on QCM in function of fluence
As  mentioned  in  the  description  of  theoretical  bases  of  ablation  process,  fs  laser  ablation  is
characterized by two logarithm trends of the laser ablation rate in function of the laser fluence: low
56
fluence regimes, related to optical penetration deepness, and a high fluence regime, dependent on
the  electronic  thermal  conductivity.  The  two  trends  are  clearly  depicted  in  our  experimental
findings.  The  overall  amount  of  ablated  material  mabl is  proportional  to  the  target  ablation
“deepness” ∆L, and for the two regimes it is expected the following dependence:
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Fitting with Eq.  our experimental data, threshold fluence is estimated for both optical (120±10 mJ/
cm2) ad thermal (200 ±10 mJ/ cm2) regimes. The good agreement with experimental results allows
adopting two-logarithm theory described  for  metals and elementary semiconductors  to  titanium
dioxide. Optical regime limit fluence is, moreover, comparable wit the value 123±2 mJ/cm2 found
in previous work analyzing damages induced by laser beam (λ = 527nm, t = 300 fs) on TiO2 target
(Sanz et al. 2009).
Few supports are present up to now on femtosecond laser ablation of TiO2 for below band-gap
photon energy (Walczak 2010): Fth = 142 ± 30 mJ/ cm2 for λ = 400 and Fth = 124 ± 25 mJ/ cm2 for λ
= 800 nm. For the low fluence regime (optical) in above band-gap incident photon energy, a value
slightly lower (Fth = 70 ± 10 mJ/cm2, λ = 266 nm) is found, probably due to a deeper absorption in
the first interaction phase in linear regime (Walczak 2010). Literature agreement is obtained for
high fluence regime in the same incident energy condition. 
4.1.2 Deposition rate as a function of oxygen partial pressure
Another  deposition condition that  can drastically change the properties  of deposited film is  the
pressure in the deposition chamber. Different studies in literature demonstrates the influence of low
pressure ambient gas on the propagation of ablated material, both in ns and fs regime (Amoruso et
al. 2008; Amoruso et al. 2011). While ns-PLD of oxide is commonly usually in buffer gas (typically
oxygen), still few studies exist on fs-PLD on oxides  (Liu et al. 2008; Millon et al. 2003) and on
TiO2 (Sanz et al. 2009): for the ns-PLD on TiO2, it is found a strong influence of buffer gas on
morphology of deposited films. Our aim, thus, understands how the structural properties of titanium
dioxide thin film are affected in fs regime varying ambient gas for choosing the proper deposition
condition for the deposition of samples to be used for optical characterization. For this purpose, it is
analyzed deposition rate in function of oxygen pressure in deposition chamber.
Pressure-induced  variation  of  deposition  rate  is  controlled  by  means  of  QMC,  calculating  the
variation  of  deposited  mass  on  the  microbalance  in  function  of  vacuum  chamber  pressure.
Repetition laser frequency is 33 Hz and deposition was performed at a at laser fluency of 1.1±0.1 J
57
cm-2 for a total process time of ∆t = 100 s. Oxygen pressure was varied in a range from 7*10-2 mbar
to 10 mbar. 
Experimental results are show in Fig. 21 and clearly show the presence of two main regime: for low
pressure values, deposition rate has a constant trend with respect to pressure variation, while for
high  pressure  values  the amount of   deposited mass deeply decrease  with respect  to even  low
changes in the pressure. For higher  pressures,  not investigated,  it  is expected a third region not
strongly  dependent  on  pressure  variation.  This  behavior  is  due  to  the  different  propagation  of
ablated material changing ambient gas condition: with the increasing of the pressure, in fact, there is
a progressive  confinement  of  ablated material,  whose  propagation  for  high values  can  even be
totally hast. Direct propagation motion in low pressure regime change to diffusive motion for higher
pressure, that reduces the probability of reaching the substrate for the deposition and increase the
time deposition  needed  for  obtaining film with significant  thickness  (Amoruso,  Toftmann,  and
Schou 2004)).
Fig. 21. Rate deposition in function of pressure in vacuum chamber
Similar dependence of deposition to the ambient gas pressure is found in ns-PLD deposition of
oxide (Amoruso et al. 2011) and metals (Amoruso, Toftmann, and Schou 2004) but with different
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characteristic value pressure characterizing the plateau region and the high pressure regime region,
with strong decreasing of deposition rate. In fact, values reported in literature for the starting of the
high pressure region are around 10-2 mbar, two orders of magnitude lower than for our experimental
finding in fs-PLD  (Amoruso et al. 2011; Amoruso, Toftmann, and Schou 2004). The difference
between ns-PLD and fs-PLD can be attributed to the different constituents of the plume in these two
regimes: fs-PLD ablated material is characterized by the presence of nanoparticles, absent for ns-
PLD  plume,  for  which  of  course  higher  pressure  is  needed  to  observe  braking  effect  on  the
propagation in the chamber (Amoruso, Toftmann, and Schou 2004).
The plume confinement with the pressure is confirmed by some results, shown in Fig. 22, where
images acquired by means of an intensified CCD, 30 µs after the laser beam interaction with TiO2
target are reported. (Tuzi 2012). High vacuum up to 1 mbar plume shows a similar expansion, thus
meaning the absence of pressure effect on their propagation and justifying the plateau region in the
deposition rate; 10 mbar plume is significantly hast in its propagation and results more confined
with respect to the plume in low pressure regime, increasing time needed to reach the substrate. 
Studies performed thus evidence,  in agreement with previous work (Amoruso et al. 2008), how
deposition  efficiency  is  strongly  influenced  by  pressure  above  a  critical  value,  dependent  on
experimental conditions (target-substrate distance, laser fluence, buffer gas, etc.), that in our case is
found to be around 0.5 mbar.
Fig.  22. Expansion of plume in titanium dioxide ablation process at different ambient pressure condition. Acquired
after 30 µs from laser impact. (Tuzi 2011)
Presence of gas pressure in the deposition chamber has repercussion on film morphology, too. For
example, plume velocity is strongly affected by the buffer gas and consequently impact velocity on
the substrate. Moreover, gas interaction and the increased time needed to reach the substrate, can
effect plume impact temperature, that is show to decrease during plume expansion in fs-PLD when
it undergoes to a radiative cooling (Amoruso, Bruzzese, Spinelli, Velotta, Vitiello, and Wang 2004),
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that can be induced by gas interaction and hasting. Differences in impact values can, obviously lead
to different aggregation and growth of the material. 
4.2 Titanium dioxide thin films 
The analysis reported in the previous sections were performed for obtaining the proper deposition
conditions to be used for the fs-PLD of titanium dioxide thin films for the further study on the
dependence of morphological and structural properties of TiO2 nanostructured film with respect to
pressure in deposition chamber. Three regimes for pressure were chosen (high vacuum, 1 mbar and
3 mbar oxygen pressure), to each of which is associated a deposition time according to the found
deposition rate trend in function of pressure, i.e. in order to obtain the same thickness for the thin
films deposited at different ambient gas conditions. Once target and substrate are positioned on the
proper  holder,  parameters  of  PLD systems  are  settled at  the desired  condition.  Vacuum in the
chamber is obtain with the cooperative work of rotative and turbomolecular pumps and the eventual
oxygen gas flow and pressure is controlled by a needle valve for the introduction of the buffer gas,
and a gate valve, for the pump velocity checking.
For  avoiding  damages  on  the  target  due  to  the  incident  laser  high  energy  absorption,  with
consequent instability of the plume, to the target holder is induced a constant rotation by an external
motor. Moreover, the last mirror reflecting laser beam towards the deposition chamber is equipped
by a motion system, software-controlled, that imprint an oscillation of the incident point of laser on
the target between to two predefined positions (rastering), thus avoiding the formation of a deep
circular trace on the target due to high energy absorption for the prolonged deposition times needed.
Starting and ending of the deposition is determined by an external mechanical shutter, controlled by
computer software.  In  figure SAMPLE is reported an image of the three samples deposited on
silicon and on glass  substrate:  the high-pressure sample differentiated  itself with respect  to the
others in the colour, that appears to be lighter, and in the adherence of material deposited on the
substrate, that results to be less compact. Further,  more detailed, analysis with the assistance of
scanning electron microscopy and x-ray diffractometry, are reported in the next sections, both for
as-grown and annealed samples 
From the next, samples growth in high vacuum, transition condition and high oxygen pressure will
be respectively indicated as A. B and C. 
4.3 – PL characterization of as-grown and annealed TiO2 nanoparticle films
4.3.1  SEM morphological evidences 
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SEM apparatus used for the morphological analysis on the samples is a field emission (FESEM)
Carl Zeiss Sigma, (“MUSA” CNR-SPIN Laboratory, University of Salerno) using In-Lens detector
with  different  possible  scanning  enlargement.  Morphological  homogeneity  of  each  thin  film is
investigated scanning the sample in three spatial areas, and with enlargements ranging from 10 KX
to 250 KX. During microscopy analysis, with an electron beam scanning rectangular areas moving
from the top to the bottom, images are sent to a computer connected by mean of an electronic
system to the secondary electrons detector and shown in real time. SEM images are performed both
for  the surface  of  the samples,  for  acquisition of  morphology information,  and on their  lateral
section, in order to verify their effective thickness, estimated to be  around 100 nm from deposition
rate analysis. 
In Fig. 23 are reported the SEM images obtained for the three samples. dEach sample appears to be
compound by nanoparticle agglomerates with different size range. In particular, for sample A and
B, corresponding to high vacuum and intermediate conditions, large globular nanostructures appear
to be assembled in a slightly porous structure: these clusters appear to be decorated with smaller
NPs,  with  size  up  to  10-20  nm.  The  overall  morphology  appearance  is  of  a  colloidal-like
nanostrucured system, with a sort of coalescence among the various nanostructured components.
The origin of  the observed  coalescence  can  be searched  in  the initial  condition chosen for  the
deposition. In fact, plume in a high vacuum chamber propagates at almost constant kinetic energy
from the target to the substrate, with nanoparticles reaching a velocity of about 102-103 m/s.  Due to
the high kinetic energy, during collision on the substrate or with other deposited structures, there is
a modification in the shape of the nanoparticles, losing roundness and regularity (Cebollada et al.
2009; Ausanio et al. 2004). Not to be forgetting is even the high temperature of the plume that cause
melting for  in-flight  particles,  whose soon cooling when in contact  with the substrate cans  co-
participate to the observed shapes and structures.
Morphological characteristics of films growth by means of physical deposition techniques is usually
described in the structural zone model (SZM) (Janik 2011). The model correlates the morphological
evolution of  the film with two deposition parameters,  namely substrate  temperature and kinetic
energy of particles. This latter in turn depends on the buffer gas pressure that affects the mean free
path of propagating particles.  The probability of undergoing to collisions during the flight  path
between ablated material and gas particles of course depends on the environmental pressure, i.e. on
the density of gas molecules present in the deposition chamber. This allows predicting an increase
in the overall density of the deposited film with the increasing flux and plume kinetic energy. 
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Fig.  23:  Upper  representative  SEM images  of TiO2 NPs-assembled  films  for  samples grown  left:  in  intermediate
conditions and  right: 3 mbar oxygen pressure in deposition chamber.  Lower panels report the relative cross sections
images. 
The morphological experimental results obtained for the sample A and B are indeed in agreement
with such expectation. Moreover, similar morphology features were found in previous works on
high-vacuum fs-PLD  of titanium dioxide (Sanz et al. 2010) and other materials (Sanz et al. 2011).
for  which  the  analysis  was  performed  with  the  environmental  scanning  electron  microscopy
technique (ESEM), characterized by having less resolution with respect to the SEM used by our
analysis.  Granularity,  cauliflower-like  structures  and  high  density  of  the  deposited  material  are
visible  in  both  works,  with  great  degree  of  coalescence  between  the  nanoparticles  aggregates,
probably linked to ablation of oxide materials. For illustrative purpose of the previous statements, a
SEM image of a iron nanoparticles thin film is reported in comparison with our structural analysis
on A,  at  the  same magnification  (Fig.  24):  for  the  iron thin films,  the  structure  appears  more
compact, with fewer interstices and with clearly identifiable single nanoparticles. 
In  the  high-pressure  regime,  a  total  different  scenario  appears,  showing  a  highly  porous
nanostructured composed of individual NPs, whit size ranging form 10 nm to 200 nm. NPs show a
spherical  shape  and  the  overall  morphology  can  be  described  as  a  porous  packed-ball  system
without glue-like structures (differently from the previous case). Another difference consists in the
presence of a web-like structure appearing in a sporadic way on the samples. Similar structures are
observed for fs-PLD silicon nanostructures at high gas pressure condition. The formation of this
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Fig 24. Comparison between SEM images of sample A (left) and iron nanoparticles film (Ausanio et al. 2012)
structure  is  supposed  to  be  cause  by  NPs  aggregation  diffusing  in  the  background  gas  during
ablation process (Millon et al. 2000).
The morphology observed again can be attributed to the gas pressure condition during deposition:
material  ejected from the target  during ablation process,  in fact,  before reaching the deposition
substrate, undergoes to a series of collision with ambient gas particles, with a significant lose of
kinetic energy. The lower velocity and possibility of cooling during the flight path, results in NPs
“softly”  depositing on each other without out-of-equilibrium process, as in the other regimes in
which melting due to high impact speed was observed.
All the samples were undergo to annealing process in ambient air (500°C, 30 min). The annealing
does not seem to produce any significant change in the morphology of the titanium dioxide thin
films. 
4.3.2 Structural analysis of as-grown and annealed thin films by XRD
The experimental apparatus used for the XRD analysis on the samples is a Rigaku D/Max. The
crystallographic characteristic is investigated in the θ/2θ configuration, where the angular velocity
of the X-ray beam detector is the double with respect to the angular velocity of the samples.
For the alignment necessary for the X-ray diffractometry,  referring crystal planes of Si(400) are
used, with 2θ=69.19°. The alignment is done fixing 2θ and varying  θ in a short range. Once the
offset with respect to the 2θ/2 is measured, it is considered as zero of data acquired. Slits choice is
another  important  parameter  to  be considered  before  starting the  X-ray analysis.  From them it
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depends,  in  fact,  the  signal  to  noise  ratio.  For  these  measurement  slits  0.5/0.3/0.15  are  used,
scanning speed of .04 degree per minute and sampling od 0.006°. For reducing the background
noise, three acquisitions are summed to each other.
The choice of the scanning angle is done after  preliminary study of JCPDS database sheets for
titanium dioxide  powders  (JCPDS 88-.1175 for  rutile  phase  and  JCPDS 84-1286 for  anatase),
checking for with angles the tabulated spectra present highest intensity XRD peaks. The scanning
range chosen is ∆(2θ) = (24.5°-28.5°), for which Anatase(101) and Rutile(100) peaks, respectively
at q = 25.3° and 2q =27.5° should be present according to JCPDS datasheets. From a preliminary
analysis, no peak is revealed with exception of R(110) for sample C: the samples, thus, prevalently
do not present an ordered crystalline structure. In fig 25 is shown the experimental XRD spectra for
the three samples: the only sample showing a crystal structure related to rutile phase is s3, while the
other two they present an amorphous phase.
XRD analysis  in  the  same experimental  condition  is  performed  on  the  samples  post-annealing
treatment to verify the expected change in thin films crystal  structure.  Experimental  results  are
reported in Fig. 25.An increase in the crystallization is observed for all the samples, with particular
favoring for anatase phase: in sample A and B, both rutile and anatase phase appear, while for the
Fig. 25. Comparison between XRD patterns of as-grown and annelaed XRD.
sample C, that, we remind presented a crystal feature even in the as-grown condition, not significant
change in the rutile peak is observed while the anatase peak is also observed. 
A further analysis can be performed on the nanoparticle structures, obtaining information about the
average size of crystal components. According to the Scherrer equation (Chen and Mao 2007) for
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samples A and B, it is found an average size of ~ 20 nm for R(110) and ~40 nm for A(101); C
samples instead, both as-grown and post-annealing R(110) crystallites are ~ 40-50 nm, while the
A(101) nanoparticles size is around 70 nm. From these findings, one can observe that annealing
process  for  high-vacuum  and  intermediate  conditions  mostly  involve  the  smaller  decorative
nanoparticles observed on the main agglomerates, while for high-pressure regime it affects more
generally the individual building blocks of the NPs-assembled films.
In conclusion, structural characterization TiO2 thin films shows that PLD-deposition technique is a
versatile process allowing the growth of different morphology NPs assembled thin film, from more
compact  structure  to  high  porous one,  according  to  the  gas  ambient  pressure  in  the deposition
chamber.  Crystal  structures  are  possibly  obtained  both  for  as-grown  material,  in  high  oxygen
pressure conditions, that with a simple annealing process. 
As stated in previous chapters, main properties required for a material for gas sensing application
are high specific surface and an ordered, crystalline structure: in this sense, the analysis performed
on fs-PLD TiO2 thin films elects the sample growth in high-pressure condition as an appealing
candidate  for  optical  gas  sensor  studies.  Next  chapter  will  be  dedicated  to  an  overview  of
photoluminescence properties of all the samples, in which it will be illustrated main characteristic
of  PL  emission  of  titanium  dioxide  and  discussed  about  physical  origin,  and  to  the  optical
characterization  on  different  ambient  gas  specifically  focused  on  the  high-pressure  condition
sample.
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Chapter 5
PL characterization of TiO2 and ZnO and
gas-induced PL modulations
First section of this chapter is dedicated to characterization of PL properties of NPs TiO2 thin films
growth by means of fs-PLD, at different partial oxygen pressures. PL spectroscopy is performed
using above band-gap and below band-gap excitation laser lines, in order to investigate both inter-
band  and  interband  energy  levels  distribution.  Annealing  process  on  the  samples  allowed
investigating on the influence  of crystal  phases  on PL efficiency.  Different  emission peaks are
found,  spanning  from  the  NIR  to  the  blue/near-UV  range  of  electromagnetic  spectrum.
Experimental findings are followed by a discussion on the mechanism at the base of each emission
band. 
Variation of PL emission may not depend only on intrinsic properties of TiO2. Different factors can
in fact influence optical properties of a material, such as specific ambient gas species. Band-bending
induced by adsorbed gas molecules, charge carrier scavenging, modification in the chemical bond
of metal oxide atoms are just some examples of possible processes that can induce modulation of
PL  emission.  In  section  5.2  there  will  be  introduced  some  experimental  findings  on  oxygen
influence on PL properties of TiO2 are reported in section 5.2. In particular, green band and NIR
emissions exhibit modulation in the intensity and an interesting trend is found for the NIR band, to
which is dedicated section 5.3. A crossing studying between PL analysis, PLE spectroscopy and
literature findings allowed me reaching an explanation for the adsorption oxygen mechanisms and
influences on radiative recombination processes.
In the last section, 5.4, is reported the investigation on PL-based sensing by ZnO thin films in NO2.
Efficiency in detecting NO2 gas molecules is found to be dependent on nanostructures morphology:
and depletion layer modulation induced by NO2.
5.1  -  Multi-band  photoluminescence  in  TiO2  nanoparticles-assembled  films
produced by fs-laser deposition
The  photoluminescence  properties  of  titanium  dioxide  (hereby  also  indicated  as  “Titania”  for
brevity  reason)  samples  prepared  by  fs-PLD  at  different  partial  oxygen  pressures  have  been
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investigated,  using as excitation source the two lines of HeCd laser (λ=325 nm and  λ=442 nm,
corresponding respectively to above and below band-gap excitation) for as-grown samples. At a
later  stage,  samples  have  been  annealed  in  ambient  air,  with  the purpose  of  finding a suitable
temperature allowing the presence of both Titania polymorph within the same sample. To this aim,
a  useful  temperature  was  found to  be 500°C,  as  it  allows stabilizing the  anatase  crystal  phase
(Nakaruk, Ragazzon, and Sorrell 2010) and also lead to partial formation of rutile phase (Lockman
2009; Nolan, Seery, and Pillai 2009; Hasan et al. 2008). As it will shown along the discussion, the
presence of both polymorphs leads to some interesting effects that can be useful for optical sensing
applications.
5.1.1 PL emission properties of as-prepared vs. annealed samples: factual evidences
In Fig. 26 are reported the experimental PL spectra obtained for three representative as-deposited
samples (indicated as samples A, B and C), prepared at different partial oxygen pressure. Sample A
was prepared at in high-vacuum condition, sample B at intermediate oxygen pressure (10-2 mbar),
while sample C was grown at 3 mbar oxygen pressure, corresponding to the three different growth
condition depicted in the previous chapter.
Considering the PL spectra obtained for above-bandgap excitation, three main emission band are
evident. The first one lies in the blue-violet region and is centred at 2.9 eV (427 nm). The second
one is peaked in the green region (peak at about 2.3-2.4 eV, corresponding to 540-515 nm) but is
quite brad, covering a large extent of the visible spectrum.  Finally, a sharper resonance is found for
the C sample at about 1.5 eV (827 nm). Based on their energetic positions, the mentioned emission
bands will be indicated here as “near band-edge” emission (NBE, due to its energy position close to
the optical bandgap of the crystalline phases of Titania), “visible” (VIS) and “near infra-red” (NIR)
emission. 
Phenomenological evidence can be summarized in Table, reporting the best-fitting values of the
spectra obtained by multi-Gaussian fitting:
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In  Table  it  is  also  reported  the  relative  weight  of  each  different  emission  band  to  PL  signal
∑= i iii AAw , as percentage of the overall emission intensity.
Interestingly,  the PL spectra obtained at below-bandgap excitation reveal an additional emission
band, centred in the red region (peak at about 1.7 eV, as evidenced by in Figure by vertical dashed
line). Such additional emission band is named as “VIS_1”, while spectra still exhibits some residual
contribution in the green region (“VIS_2”). These two contributions have been included as 
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Fig. 26. PL spectra of as-grown samples A, B and C referred to above-band gap excitation (upper panel) and below-
bandgap excitation (lower panel, in which is indicated the excitation energy Eexc position by an arrow). Peak positions
for both excitation wavelengths are evidenced: dashed-dotted lines emphasizes the position of the three PL emission
bands observed with above-bandgap excitation (3.0 eV, 2.5 eV and for sample C at 1.5 eV); dashed line in lower panel
stresses the red band PL emission obtained with below-bandgpap excitation. 
separated  emission bands in  the  Gaussian  fitting,  whose best-fitting parameters  are  reported  in
Table 4. 
Even if the exact nature of the additional “VIS_1” emission band is still not completely clear to us
and  not  very  investigated  in  literature,  it  is  worth  noting  that  a  “red  emission”  recombination
channel has indeed been identified also by other authors. This point will be discussed later.
Photoluminescence  properties  of  samples  undergone  to  annealing  process  were  investigated  by
using the same experimental apparatus. For both excitation wavelengths, the acquired spectra are
reported in Fig. 27 in which, for comparative purposes, for each sample is shown the corresponding
as-grown PL emission as well. 
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The  above-bandgap  excitation  spectra  of  all  the  samples  still  exhibit  the  NBE  and  VIS
contributions. An overall improvement of the PL efficiency is observed when the crystal quality is
increased,  suggesting  that  the  PL  efficiency  is  limited  by  disorder-related  non-radiative
recombination traps. This is particularly evident for the case of sample C, where both the NIR and
the VIS activity are increased. Moreover, a correlation can be recognized between VIS contribution
and anatase content. A more accurate dissertation on these feature follow. 
Sample
Above-bandgap excitation
NBE VIS NIR
A
E1 =2.93  eV
σ1 =0.41 eV
w1 = 65%
E2 = 2.5 eV
σ2 = 0.7 eV
w2 =35 %
Absent
B
E1 =2.93 eV
σ1 = 0.eV
w1 =12%
E2 = 2.34 eV
σ2 =  0.26 eV
w2 = 88%
Absent
C
E1 =  2.89 eV
σ1 = 0.14 eV
w1 = 8%
E2 =  2.38 eV
σ2 = 0.25 eV
w2 = 86%
E3 =  1.51 eV
σ3 = 0.10 eV
w3 = 6 %
Table 4. Quantities Ei , σi , wi , represent peak position, spectral width and spectral weight of the i-th Gaussian
function, according to Eq. .
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Fig. 27. PL spectra of Titania samples obtained using λ=442 nm (left panel) and λ =325 nm (right panel) laser lines.
5.1.2 PL emission properties of as-grown vs. annealed samples: discussion
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The experimental results reported in the previous section evidence the presence of several emission
bands, corresponding to radiative transitions spanning from blue/violet to near-infrared regions of
the electromagnetic spectrum. The nature of the primary mechanisms at the origin of each of the
resonances is discussed here, based on both my experimental findings and literature support.
Generally  speaking,  photoluminescence  activity  in  wide-gap  semiconductors  involves  excitonic
states  and  defective  states  (as  discussed  in  Chapter  2).  However,  excitonic  properties  are  not
univocally defined in TiO2. In fact, since early studies on optical transitions in TiO2 carried out in
the ‘90s (Tang et al. 1995; Tang et al. 1993; Chauvet et al. 1995) it has established that the excitonic
properties of the two polymorphs (rutile and anatase) differs sensibly. A discussion on this issue is
helpful here for discussing our experimental findings.
Ionic crystals such as alkali halides or oxides are characterized by large exciton-phonon coupling
(Bosio  and  Czaja  1991;  Liebler  and  Haug  1991).  In  this  situation,  the  spectral  properties  of
excitonic states (and, in turn, the PL emission at near band-edge energies) are influenced by the
action of phonon fields on the centre-of-mass motion of (otherwise “free”) excitons. In practice,
free charge carriers interacting with ionic lattice can localize at lattice sites, building up a so-called
Sample Crystal phase Consequences of annealing on PL
emissionbefore annealing After annealing
A Amorphous Rutile formation
- Both NBE and VIS still present
- No red emission
- NIR emission (1.5 eV) slightly 
evident
B Amorphous
Anatase formation (main 
effect)
Lesser content of rutile phase 
also evidenced
- VIS/NBE ratio increases
- Red band appearance (overcomes 
NIR)
- NIR  emission no or slightly 
evident
C
Rutile phase already 
present in as-prepared 
samples
Anatase and Rutile formation
(at comparable content)
- VIS/NBE ratio increases
- Red appearance
- NIR increases
Table 5. PL features observed before and after formation of TiO2 crystal phases by samples annealing
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 “self-trapped  exciton”  (STE).  The  theory  for  STE  formation  has  been  developed  mainly  by
Toyozawa  and  co-workers  (Sumi  and  Toyozawa  1971;  Schreiber  and  Toyozawa  1982)  who
demonstrated  that  the  self-rapping  process  is  more  likely  to  occur  in  crystals  where  ionic
coordination is less compact. In the particular case of anatase, the TiO6 octahedra are coordinated
only with eight neighbouring ones, while in rutile each octahedron is connected to ten neighbouring
ones. Thus, STE formation is favoured for anatase with respect to rutile. 
In an important work by H. Tang and coworkers on temperature-dependent steepness of the Urbach
absorption tail in anatase (Tang et al. 1995) authors indeed demonstrated that the less coordinated
structure of anatase allows formation of STE states, while excitonic self-trapping does not occur in
rutile. In other words, excitons in anatase are self-trapped while those in rutile are free.
As the self-trapping of the charge carriers (electron and hole) is accompanied by a reduction of
excitonic energy (i.e.  a  finite  binding energy exists),  the STE emission is  expected to occur at
photon energies lower than the TiO2 bandgap. For this reason,  it  is natural to attribute the VIS
activity and NBE activity to radiative recombination of STEs in anatase phase and rutile phase,
respectively. However, our findings suggest that the overall framework is somehow more complex,
as we discuss now.
5.1.2.1 NBE emission
We start by discussing the NBE emission, which is observed by when exciting the samples with
above-bandgap radiation. In such an excitation condition, all samples exhibit an emission band in
the blue-violet region of electromagnetic region, peaked at about 2.9 eV, both in as-prepared and
annealed conditions (see Fig. 26 and Fig. 27). We called such emission band as NBE, due to the
proximity of its energy value to the bandgap value of crystalline phases of TiO2. It is interesting to
note that such NBE contribution was not observed in below-bandgap excitation conditions:  thus, it
specifically originates from interband transitions and cannot involve transitions whose initial state is
an occupied intra-gap level.  
After annealing process, in no case the NBE emission was found to be dominant. Nevertheless, it
was always recognizable, i.e. well-resolved and separated from the VIS band.
Experimental findings suggest that NBE emission is anti-correlated with morphological order and
crystal phase of the TiO2 nanostructures. NBE band is, in fact, particularly evident in the case of
sample A (relative weight of about 65%), characterized by the highest  degree of morphological
disorder, while its relative  weight  monotonically  decreased  in  samples  with  more  ordered
morphology  and  larger surface  area  (12%  and  8%  for  samples  B  and  C  respectively,  see
Table  4). 
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Considering also our previous discussion on excitonic properties of TiO2, it would be natural to
assign such NBE signal to free exciton recombination in rutile. In confirming this, we also note that
Sample A (where the NBE signal is the dominant one) is also the one where the relative fraction of
rutile phase on the overall crystalline phase is larger, according to XRD analysis (see section 4.2).   
However,  it  is  important  to  also notice  that,  according  to  XRD results,  sample  A was  mostly
constituted of amorphous TiO2. Moreover, once the annealing conditions favoured the formation of
ordered rutile phase (see Sample C, comparing as-grown and post-annealed PL results), the most
relevant PL change was observed in the near-infrared region (NIR) and not in the NBE signal. 
Therefore, we propose that the latter signal has to be attributed to the radiative recombination of the
free (i.e. not self-trapped) exciton in rutile phase and/or in amorphous TiO2. However, a different
recombination channel is dominant in rutile, which is the one in the NIR band. We anticipate that
this latter emission band is likely to be related to a specific process that occurs only at flat rutile
terraces, involving three-fold coordinated (normal) oxygen atoms on rutile (110) or (100) planes.
This can explain why the increase of the absolute (i.e. massive) amount rutile phase reflects on the
steep enhancement of the NIR (instead of NBE) signal (see sample C after annealing), while instead
the NIR signal is unobserved in the disordered sample A.
 
5.1.2.2: VIS emission
The VIS-PL emission manifests itself as a broad emission band peaked at about 2.4 eV and with a
full  width  at  half  maximum  of  approximately  550-600  meV.  As  mentioned  previously,  this
emission can be accounted different origins, including in particular radiative recombination of self-
trapped excitons in anatase and radiative recombination from surface states (Zhang, Zhang, and Yin
2000; Cavigli et al. 2009; Forss and Schubnell 1993; Lei et al. 2001; Suisalu et al. 1998). The here
reported  experimental  findings  suggest  the  existence  of  a  correlation  between  GBE yield,  NPs
surface area and anatase crystal phase, as we discuss now. 
The  VIS  emission  in  as-grown  samples  shows  an  efficiency  increase  passing  from  the  more
compact  structure  represented  by  sample  A  (mainly  compound  by  low-porosity  assembly  of
globular structures) to NPs structured sample C. This indicates a direct involving of surface states in
the mechanism leading to the GBE. The observation of an enhancement in VIS emission efficiency
is  observed  after  annealing  process.  As  the  effect  of  our  thermal  treatment  was  to  partially
crystallize the samples with no particular modification in the surface-to-volume ratio (Amoruso et
al. 2013), we can recognize a role of anatase surfaces (and surface states) in the VIS-PL emission.
For further discussion about this point, some consideration needs to be pointed out regarding the
surface and the oxygen vacancy states on Titania. To this aim, we can refer to the Figure 28, that
represent  in  the  left  panel  an  (110)-oriented  Titania  crystal,  where  titanium  atoms  six-fold
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coordinated to O. The (110) plane included between points A and B consists in the same number of
Ti and O atoms, while the overall “unit” delimited by the dashed lines has no dipole moment and is
electrically neutral. Therefore, an ideal surface (i.e. neglecting reconstructions) can be obtained by
truncating the lattice as indicated in the right panel. The result is a corrugated surface, containing
two different kinds of titanium atoms. Along the [001] direction, we can find rows of normally-
coordinated Ti atoms (i.e. with coordination number 6), alternated with five-fold coordinated Ti
atoms at the surface, with one dangling bond (perpendicular to the surface). As well, two kind of
oxygen atoms exist. One is 3-fold coordinated as in the bulk (“normal” O atoms), while the other is
called “bridging oxygen” atom and miss one bond to the Ti atom (that belongs to the removed
layer). Therefore, bridging oxygen atoms is two-fold coordinated.
Surface  bridging  O  atoms  are  extremely  important,  as  their  under-saturation  and  exposure  to
external environment makes it relative easy to remove them by thermal annealing. Once removed,
the O atom leaves behind two extra electrons, filling empty states of Ti ions (and observable by
photoelectron spectroscopy (Henrich, Dresselhaus, and Zeiger 1976; Henderson et al. 2003; Nolan
et al. 2008), accompanied  by a change of the oxidation state of three undercoordinated (five-fold)
titanium ions from Ti4+ to Ti3+. These latter can be think as “electron traps”, i.e. reactive sites where
an occupied electron state (or, equivalently, a “trapped electron”) is localized. 
As the absorption of light creates free holes in the valence band, electron-hole transition in reduced
Titania can be therefore expected under laser pumping, as recombination of electrons trapped at Ti3+
and valence band holes. In order to find out is such transition can be invoked as origin of the VIS
band in anatase, an important suggestion comes from the computational analysis on energy position
of various defect levels in bulk anatase carried out by Di Valentin and coworkers  (Di Valentin,
Pacchioni, and Selloni 2009). In this work, authors obtained that electron levels associated to Ti3+
ions coordinated with surface bridging oxygen vacancies in anatase are positioned about 2.3-2.5 eV
above the top of valence band. Moreover, experimental investigations also identifies occupied states
compatible with this energy value(Hardman et al. 1994). Such values for energy levels are in a
reasonable agreement with all of our PL results. 
For the above reason, our hypothesis is that the VIS activity is mainly ascribable to the following
transition:
3    VB GBTie h hν+
− ++ →
 
indicating the radiative recombination between an electron trapped at (anatase) surface Ti3+ site and
a  hole  in  the  valence  band.  Such  hypothesis  matches  our  observation  of  stronger  VIS  signal
enhancement associated to an increase in specific surface (compare sample A with sample C) and to
an increase  in anatase amount (in particular,  compare  the as-growth and the post-annealing PL
spectrum for samples B and C). 
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Fig.  28.   Ball-and-stick  model  of  Titania  structure.  a)  Bulk  structure. b)  crystal  plane  cut  leading  superficial
undercoordinated titanium and oxygen atoms.
 Finally, the above hypothesis also allows interpreting our findings concerning the PL-based sensing
of  oxygen,  as  will  be  discussed  in  next  section.  However,  specific  studies  correlating  the  PL
emission, the surface oxygen deficiency and the stoichiometric ratio are still missing, in our case
due to the difficulties in performing O-sensitive analysis in nanoparticle films that grown on silicon
substrates. For future prospect on this point, I reference to the conclusions section.
I will spend just few words on the red-centered PL band observed at below-bandgap excitation.
Some recent  studies  on  red  emission  in  Titania  point  toward  radiative  recombination  between
photo-excited  holes  in  valence  band  absorption  (h+vb)  and  electron  traps  whore  origin  is  not
completely understood  (Knorr,  Zhang, and McHale 2007),(Knorr,  Mercado, and McHale 2008),
(Mercado et al. 2012). The process can be schematized as follows:
Trap VB rede h hν
− ++ →
 
This  picture  is  mostly  supported  by  evidences  by  Knorr  and  coworkers,  showing  that  the  red
component of anatase PL is quenched by hole-scavenging solvents (such as ethanol), as shown in
Fig. 29.
Our phenomenological findings suggest that anatase-dependent traps might be involved in the “red”
emission.  For  example,  the  latter  is  well  evident  in  annealed  samples  B  and  C  that  are  also
characterized  a  larger  amount  of  anatase.  However,  the  correlation  is  not  completely clear;  an
evident  signal  is  also obtained for  annealed  sample A, which is  less  relatively rich in anatase.
However, the fact that the absolute amount of crystalline phase over the residual amorphous phase
is unknown complicates the discussion. Furthermore, it is still not completely clear why the red
emission is more evident for below-bandgap excitation. One possible hypothesis is that bulk traps
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can be involved, due to the fact that penetration depth of 442 nm radiation is larger than the 325 nm
one  and  that,  in  addition,  reabsorption  of  back-scattered  PL light  leads  to  red-shift  of  the  PL
spectrum. However, further studies need to be performed before to achieve a reliable interpretation.
325 
Fig. 29. a) Red band photoluminescence quenching in presence of hole scavenging. such as ethanol (EtOH). b) Pictorial
representation of EtOH-induced quenching process.
5.1.2.3: NIR emission
As I stated, near-infrared emission in my experimental findings was a peculiar emission in as-grown
sample C, slightly arising in the spectra of the other two samples as well, once undergone to thermal
process.  Moreover, it  is  interesting  to  notice  that  in  sample  C  NIR  radiative  recombination
efficiency is  enhanced  to  the detriment  of  the NBE one,  suggesting the present  of  competitive
recombination pathways for a same entity involved in both emission. 
Titania literature on the NIR PL is somehow limited. In fact, as we discus now, such emission band
is related to rutile Titania, while most part of recent studies deals with anatase nanoparticles due to
their  enhanced  photocatalytic  properties.  Concerning  the  NIR-PL,  a  well-established  a  well-
established framework of investigations has been conducted by Nakato and co-workers group at
University of Osaka (Nakamura and Nakato 2004; Nakamura, Okamura, et al. 2005b; Nakamura,
Ohashi, et al. 2005; Michael A Henderson 1999), who established that this emission band is related
to rutile Titania. Precisely,  they assigned NIR PL to radiative transitions between mobile photo-
excited  electrons  in  the  conduction  band  and  surface-trapped  holes (STH)  formed  at  triply
coordinated oxygen atoms at the surface lattice. The process of STH formation will be discussed in
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next section, as it is quite important for the sake of explaining the oxygen-sensitive properties of PL
in our Titania nanoparticle films and of considering issues related to humidity sensing.
Our findings fully confirm the mechanism stated by the Osaka group. Firstly, we evidenced a NIR
emission  in  the only as-grown  sample  presenting  a  rutile  signal  in  XRD scans.  Moreover,  we
alsoperformed additional analysis by PLE technique, determining the excitation spectrum of NIR
emission for annealed samples in inert ambient (i.e. under nitrogen flow).
The PLE analysis consists in extracting the intensity map of excitation vs. emission (Figure XX, left
panel). Excitation energy range from 2.1 eV to 3.3 eV was chosen for investigate both above- and
below- bandgap regions. In the right panel of Figure 30, I report the excitation spectrum of the NIR
emission, obtained through numerical integration of NIR-PL in the energy interval 1.48-1.52 eV
(delimited by the dashed line) spectral emission as function of the excitation energy. 
Assuming slowly-varying quantum efficiency vs. excitation wavelength in the blue range, the PLE
signal can be considered as proportional to the optical absorbance.
The results display an onset of excitation at about 2.8-2.9 eV photon energy, i.e. at about the optical
absorption edge of rutile. In other words, no NIR-PL in rutile occurs unless above-bandgap photons
optically promote electrons to the conduction band. This evidence confirms that conduction band
electrons indeed initiate the optical transitions, as stated above.
To further support this assignment, we have also carried out PL measurements (not shown here) on
a (100)-terminated TiO2 rutile single crystal, detecting a very strong emission exactly at the same
spectral position of the NIR region. In conclusion, NIR emission has to be attributed to transitions
activated by conduction band electrons.
The occurrence of two separated PL bands in VIS and NIR region, related to different forms of
Titania,  lead to interesting consequences  for  PL-based sensing of  oxygen,  as  discussed in next
section.
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Fig. 30. Left: Excitation-resolved photoluminescence map of NIR emission (sample C). Right: excitation spectrum of
the NIR emission integrated from 1.48 eV to 1.52 eV (delimited by vertical black dashed lines in left figure).
5.2 - Ambient gas influence on photoluminescence properties of TiO2 thin film
growth at high pressure condition
 
The work reported in previous chapter and in previous section indicated that Titania nanostructure
films growth  with fs-PLD technique  at  background  oxygen  pressure  of  few mbars  favours  the
deposition samples with larger surface areas, while also allowing formation of rutile crystal phase.
These features result in TiO2 thin films exhibiting both a NIR emission band (fingerprint of rutile
phase) and a visible emission band, centred in the green region (tentatively attributed to electrons
trapped at surface Ti3+ sites coordinated to O vacancies at bridging positions). 
The combination of these features, namely high surface-to-volume ratio, presence of both Titania
polymorphs and multiple emission bands, makes samples prepared at higher background oxygen
pressure  as  best  candidates  for  exploring  the  influence  of  gas  adsorption  on  PL  properties.
Therefore, a set of samples has been prepared by fs-PLD under the same conditions used to grow
the sample C (P = 3 mbar) previously described. 
The next step of my work was thus to start the investigation on PL-based response to specific gas
analytes.  The  choice  engaged  to  study  the  effect  of  oxygen  (O2),  based  on  the  following
considerations.
Ordinary solid-state chemical sensors based on conductometric response have to be heated in order
to speed up the adsorption-desorption kinetics  and assure reversibility of the device.  Moreover,
redox reactions involved in the sensing of reducing molecules (e.g. CO oxidation when reacting
77
with ionosorbed O2-)  often require  thermal  activation energy).  In  our  approach,  PL is basically
employed as a room-temperature technique, as the sample is not intentionally heated (intentional
temperature  increase  usually  lead  also to  less  PL efficiency,  due  to  activation of  non-radiative
recombination channels (Bismuto et al. 2008). Therefore, a first natural candidate for investigating
PL-based detection of molecules are oxidizing gases, such as O2, O3, NO2, etc.
Nitrogen dioxide (NO2) constitutes a good choice for testing the sensitivity to oxidizing gases. NO2
is  an  environmental  pollutant  (produced,  for  example,  in  internal  combustion  engines),  so
applicative interest demands to test it diluted in ambient air environment. However,  preliminary
investigation (not reported here) demonstrated that the response to air + NO2 mixtures (with NO2 at
about 20 ppm concentration,  similarly to the case of ZnO studies that will be shown next) was
compatible with the response to air alone. 
Successive test could confirm that the PL response had to be attributed to oxygen alone. Indeed, this
was not surprising, as Titania finds room as chemo-resistive oxygen sensor (Francioso et al. 2005;
Francioso et al. 2008; Dutta et al. 1999). 
Therefore, I focused the rest of my work on PL modifications induced by O2  adsorption, which is
the subject of the present section.
5.2.1 Effect of O2 adsorption on PL emission in Titania: factual evidences
The experimental setup used for the evaluation of oxygen influence on optical properties of sample
C is described in Ch. 3, allowing detecting gas-related effects on PL emission of samples kept in
controlled atmosphere. In particular, for analyzing oxygen influence at varying concentrations, we
used controlled flows of nitrogen (N2) mixed with certified dry air. In such a configuration, inert N2
thus behave as gas carrier and O2 as analyte.  The data reported here are representative for a number
of experiments performed on a series of three samples deposited by PLD at the same conditions.
Variable O2 concentration steps were performed at room temperature,  while monitoring the PL,
measured with an integration time of 20 seconds and at an acquisition rate of 75 data point / hour
(approximately, one acquisition each 50 seconds).  Representative experimental findings are show
in Fig. 31, where it is reported PL spectra of the sample irradiated with 325 nm laser line in two
different ambient gas condition, 100% nitrogen and 100% dry air (i.e. 20% oxygen) in stabilized
conditions (i.e.  after  1 h exposure to dry air).  It  is  evident a quenching of VIS-PL induced by
oxygen adsorption, shown in the left panel. Interestingly,  NIR emission results instead enhanced
when dry air replaces N2 in the PL chamber. 
For further clarity, we calculated the spectral ratio R(E) = Φ(Ε) / Φ0(E), where Φ and Φ0 represent
the PL intensity at photon energy E measured in dry air (i.e. 20% O2) and N2 atmosphere, 
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Fig. 31. Oxygen influence on PL properties of TiO2 NPs thin film. Left panel: two opposite effects are generated by the
adsorption of oxygen according to the PL band emission considered: GBE results  quenched by oxygen, while  NIR
emission undergoes to an enhancement (evidenced in the inset). Right panel: Φ/ Φ0 ratio as function of emission photon
energy. NIR intensity emission in oxygen is up to 2.2 times the one in inert gas.  A slighter quenching is observed for
GBE.
respectively. The calculated spectral ratio is displayed in the right panel. Despite the noisiness of
the  data  (due  to  the  weak  experimental  NIR-PL signal),  the  data  unambiguously  evidence  an
enhancement of the NIR-PL emission in oxygen environment, while on the contrary the VIS-PL
intensity is quenched.
The  dynamical  response  of  VIS-PL  and  NIR-PL  emission  under  flowing  oxygen  has  been
investigated by exposing the TiO2 films to alternating steps of dry air mixed with N2 and N2 alone,
exploring O2 concentrations varying from 0.25 % to 20 %. The results are reported in Fig. 32, where
the PL intensity in the NIR and VIS band are reported as function of time. Variation of PL signal
for  both  emissions  bands  saturates  vs.  O2 concentration,  as  in  a  Langmuir-like  trend,  as
demonstrated by Fig. 33, where the measured relative response 0 0/S = Φ − Φ Φ  is reported.
In conclusion, we clearly evidence that opposite effects are exerted by of oxygen on the radiative
efficiencies of the two PL bands.
It is important to stress again this point:  we observed that  multiple responses to the same species
(O2) is obtained by monitoring the PL intensity of mixed anatase-rutile Titania systems. This point
has to be stressed,  because  it  represents a good example of  the possible advantages of optical
approaches to chemical  sensing.  In  fact,  conductometric sensing relies on a single transduction
parameter (electrical conductance): thus, a given gas species can induce only one specific effect in
ordinary chemiresistors (i.e.  electrical  conductance increase of decrease).  Instead,  opto-chemical
routes to gas  sensing can take advantage  of the fact  that  optical  properties  intrinsically involve
several  degrees  of  freedom  (e.g.  the  continuous  spectrum  of  PL  emission  wavelengths),  thus
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allowing multi-parametric responses. For those reason, I focused the rest of my studies on Titania to
propose possible interpretations of this effect, which are discussed now.
                     
Fig. 32. Intensity of the PL emission in the visible and near-infrared range (top and bottom panel, respectively) under 
exposure to different concentrations of dry air.
                
Fig. 33. Measured absolute response for visible (black squares) and near-infrared (red circles) PL bands vs. oxygen 
concentration.
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5.2.2 Effect of O2 adsorption on PL emission in Titania: supplementary investigations and
possible interpretations
As discussed in the previous section, it  is natural  to attribute the VIS-PL activity of anatase to
radiative recombination of electrons in gap states originated by O vacancies with photo-excited
holes in the valence band.  It  is worth mentioning that an analogous correlation between oxygen
deficiency and visible PL efficiency has also been evidenced in other oxides (such as SnO2  (S.
Lettieri, Causà, et al. 2008; S. Lettieri, Setaro, et al. 2008) and SiO2 (Stefano Lettieri et al. 2008).
Within this framework, a likely interpretation for the observed quenching of VIS-PL in O2 arises by
invoking  the  suppression  of  surface  light-emitting  Ti3+ centers.  Such  an  interpretation  can  be
understood in a better way by observing the result in Fig. 34, evidencing that the occupied electron
states positioned at about 0.7 eV below the conduction band in reduced Titania (indicated as “defect
state”)  vanishes  after  exposure  to  ambient  oxygen.  Other  literature  works  also  evidences  how
gaseous O2 dissociates on titania reduce surface, filling the vacancies and destroying the defect state
(J.  ‐M. Pan 1992; Kisumi et al. 2003). Attributing the VIS-PL emission to recombination of the
decay of (trapped) electron at the defect state, it is thus natural that its neutralization by ambient
oxygen leads to quenching of the VIS-PL (as observed).   
Nevertheless, the observed NIR-PL enhancement under O2 flow may seem surprising at a first sight.
In fact, we previously mentioned that NIR-PL is due to radiative recombination of conduction band
electrons  with  STH  states.  According  to  a  standard  point  of  view,  the  electron-scavenging
behaviour  of  adsorbed  O2 at  rutile  surface  would  imply  a  capture  of  mobile  electrons.  Once
captured,  electrons  would  become unavailable  for  radiative  recombination,  finally  leading  to  a
quenching of NIR-PL under O2 flow (instead of the observed enhancement).
The PLE analysis previously reported indeed indicates that free electrons are necessarily involved
in  the  NIR-PL.  Thus,  the  results  suggest  that  oxygen  do  not  act  as  electron  scavenger  or  as
ionosorbed species.  
The  issue  is  moreover  complicated  by  our  observations  on  O2 effect  of  a  single-crystal
(commercial) rutile substrate that we performed as supplementary analysis. In fact, as shown in Fig.
35, we indeed observed the expected “standard” quenching of the PL by O2 when exposing a (100)
oriented  and  a  (110)  oriented  rutile  Titania  substrate  to  oxygen  flow (after  initial  exposure  to
nitrogen).  The introduction of  oxygen  leads to a  fast  decrease  of  the rutile PL of  our crystals,
followed by a slow increase. The experiment was repeated several times, in all cases showing the
same trend.
In practice, two opposite effects on rutile PL are depicted in Fig. 34 and Fig. 35.  
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Fig. 34.. Photoemission spectra (hv = 35 eV, normal emission) from the valence band region of a sputtered and UHV-
annealed TiO2(110) surface: room temperature adsorption of molecular oxygen results in the disappearance of the
defect state in the band gap region. (Hardman et al. 1994)
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Fig 35. Left: dynamic response toward oxygen exposure of near-infrared PL emission of single-crystal (100) and (110)
rutile substrates. Right: PL spectra measured 2 minutes after dry air exposure 
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To clarify this puzzling situation, two hypotheses have been formulated. The first one involves the
interplay  between  NIR-PL  of  residual  water adsorbed  at  Titania  surface  and  was  tested  by
performing  PL  analysis  under  prolonged  UV  illumination  in  dry  vs humid  air.  A  second
interpretation  involves  molecular  vs.  dissociative  adsorption  of  oxygen  on  rutile  surface  and
requires analysing in detail the mechanism of STH formation.
We anticipate that  a decisive proof for  choosing one or another  model is  still  missing, but the
second interpretation seems more likely at the present state. 
5.3 - On “anomalous” effect of O2 on rutile Titania PL: proposed interpretations  
5.3.1 First interpretation: role of residual water 
The first  interpretation  arises  from observing the  behaviour  of  NIR-PL intensity  of  pure  rutile
Titania reported in Fig. 35. At a first sight, the fast decrease of the PL intensity can be interpreted
according to the standard mechanism that drives the chemo-resistive effect in n-type metal oxides
(also discussed in Chapter 1), namely adsorption of molecular oxygen and capture of a conduction
band electron with formation of chemisorbed species O2-. According to this picture, the decrease in
PL intensity reflects  the partial  depletion of  conduction band electrons  during the formation of
adsorbed  layer.  However,  it  is  also  noticeable  in  figure  Fig.  35  that  the  NIR-PL  signal  also
experience a slow increase, that is observed both in nitrogen and air atmosphere and was verified
for all single-crystal rutile samples, regardless the surface orientation. Moreover, the increase was
evident at continuous UV illumination, as it was in the experiment reported in figure where the laser
was impinging on the sample throughout the analysis duration. 
This finding can be explained by considering the role played by the STH states in both the NIR
emission and the UV-induced photo-oxidation of water in rutile. In their first studies about this
issue, Nakano and coworkers observed that the NIR-PL activities of rutile Titania and the efficiency
of water photo-oxidation (or water splitting) process were anti-correlated. Thus, they hypothesized
that some precursor (or intermediate) of the water splitting reaction was also a state participating to
the radiative recombination of NIR-PL. Successively, they identified such a precursor in STH (self-
trapped holes) states. These latter are photo-generated holes that self-localize on surface sites at
close  to  oxygen  bridging  atoms.  Using  the  Nakano  nomenclature,  the  water  oxidation  can  be
represented as the following process (Nakamura, Okamura, et al. 2005a; Kisumi et al. 2003): 
[ ] [ ]2 2STH s s sTi O Ti H O Ti O Ti Ti O HO Ti H + + − − + → = − + − − + i  
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that indicates a nucleophilic attack of H2O at STH, with evolution of hydrogen. The trapped hole
can also recombine with conduction band electrons:
STH  CB NIRe hν
−+ →
 
and, therefore, the two processes in Eqs  and  are competitive in rutile.
It is thus possible to suppose that the slow increase of NIR-PL during prolonged UV illumination
shown in Fig. 35 reflects the consumption of residual water adsorbed at rutile surface, which in turn
increases  the yield  of the competitive reaction. This hypothesis allows to explain the behaviour
observed in bulk rutile, but it is still to be explained why the behaviour observed when both anatase
and rutile are present (as in out PLD-prepared nanoparticles) is different. 
To this aim, I performed two additional experiments, monitoring the effect of dry air vs. humid air
on the NIR PL of our samples, under prolonged UV illumination (i.e. in the same conditions used
when analyzing the single-crystal rutile substrates). The excepted result is that the rise of NIR-PL
when illuminating in dry air should be larger than the one in humid air, as in the first case the
(eventual) residual H2O is consumed, while in the second it is externally supplied. 
The experimental results are shown in Figs. 36 and 37.
Fig 36: Behaviour of green PL (integrated from 400 to 550 nm) and NIR PL (integrated from 700 to 850 nm) in dry air
in absence (UV off) and presence (UV on) of laser illumination at 325 nm wavelength. The values are normalized to the
value measured when UV is switched on continuously.
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Fig. 37.  Behavior of green PL (integrated from 400 to 550 nm) and NIR PL (integrated from 700 to 850 nm) in wet air
in absence (UV off) and presence (UV on) of laser illumination at 325 nm wavelength. The values are normalized to the
value measured when UV is switched on continuously.
The above results were obtained by monitoring the efficiency of both VIS-PL and NIR-PL of our
titania NPs films under O2 flow of constant concentration (dry air flow, 200 sccm) first in absence
(“UV-off”) and then in presence (“UV-on”) of continuous UV illumination. As illumination source,
we used the He-Cd laser line at 325 nm (that also provides the excitation for PL emission). In the
case of “UV-off” PL measures, the sample was illuminated only for 5 seconds (integration time for
PL spectra acquisitions) and was kept in the dark for the rest of the time. In the case of “UV-on”
measures, the sample was kept under laser illuminated for the entire duration of the experiment.  In
both cases, before the experiment the sample was kept for several hours (14 h) under dry air flow in
order to stabilize it and rule out PL modification ruled by variation in the gaseous environment
inside  the  test  chamber.  Measurements  in  wet  air  were  obtained  by  flowing  air  in  a  bubbler
containing bi-distilled water. 
As  expectable,  no  significant  modification  of  the  PL efficiencies  was  observed  in  the  case  of
occasional and short illumination (“UV-off”), while again an opposite trend for NIR-PL and VIS-
PL efficiency was observed in all cases under effect of UV light, thus confirming the previously
shown results. 
The quenching of visible emission is found in both experiments, while the finding to be noted is that
the enhancing effect of oxygen on NIR emission is attenuated in presence of humidity, even if still
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present. In  particular,  an enhancement slightly larger than 40% is obtained in dry air, while the
presence of H2O reduces it to less than 20%. This is indeed the expected result, if assuming that the
eventual residual water is replaced by other water molecules supplied by the external flow. 
To point to be explained is now why this finding is not observed in pure rutile samples. Regarding
this point, we speculate that a possible cause may involve the oxygen-assisted diffusion of adsorbed
water molecules, described by Wendt and coworkers (Wendt et al. 2006).
In fact, from the relative weight of PL spectra shown in Fig. 31, it is reasonable to guess that the
overall rutile amount is much less than the anatase one. Moreover, photocatalytic activity of anatase
Titania is usually more efficient than the rutile Titania one (Diebold 2003). Thus, water molecules
are expected to have a shorter mean free path in anatase, before being consumed by UV-activated
photosplitting in  oxygen  environment.  A pictorial  representation of  the proposed mechanism is
shown in Fig. 38.
The concomitant occurrence of larger amount of anatase and of shorted diffusion length in anatase
lead to the fact that water adsorbed at rutile crystallites dispersed in a more abundant anatase matrix
is consumed more efficiently than respect to the case of bulk rutile. This can result in the fact that
the (slow) enhancement effect in mixed PLD-prepared samples is the dominant one, while it is a
minor effect in bulk rutile. 
Fig. 38. Pictorial representation of water migration in Titania
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To reinforce this point, it is worth noting that the quenching effect of O2 on NIR-PL observed in
bulk rutile is quite fast and much faster than the enhancing effect shown in Figs. 36 and 37, while
the characteristic time of this latter is comparable to the enhancing effect. 
Even if the mechanism proposed here fits with the experimental findings and with literature results,
some major issues remain. For example, it relies on several ad-hoc hypothesis, in particular: 1) the
actual  presence  of  residual  water  adsorbed at  nanoparticle  surfaces,  and:  2)  the  validity of  the
interpretations given in Ref. (Wendt et al. 2006). Moreover, it  is suspicious that two apparently
uncorrelated effects such as neutralization of Ti3+ states (attributed to oxygen adsorption) and inter-
phase diffusion of water  lead to two effects (decrease of VIS-PL and increase of NIR-PL) that
exhibiting similar characteristic times, as one can see in Figs. 36 and 37.
Therefore,  I  propose  also  a  second  interpretation,  assuming that  dissociative  adsorption is  the
preferred route for oxygen adsorption in reduced rutile. 
  
5.3.2 Second interpretation: dissociative adsorption
Here  we remark  that  a  different  interpretation  can be  given  to  explain the apparently  opposite
effects  of  oxygen  on rutile  PL.  The interpretation  assumes that  adsorption of  oxygen  on rutile
surface can proceed along two possible different routes: one as “standard” ionosorption (leading to
PL quenching), and another as dissociative adsorption, where oxygen does not capture a conduction
band electron, but instead simply dissociates and fills the oxygen vacancy. This second process is
expected to enhance the rutile PL. To show why, we need to review the process of STH formation. 
Surface trapped holes involved in water photo-splitting consists in consists in the trapping of photo-
generated holes on surface sites of  3-fold coordinated (normal) oxygen atoms. Following Nakano
and co-workers, STH formation can be represented as follows:
[ ] [ ]2 2VBs sTi O Ti h Ti O Ti ++= − + → = iii  
where h+VB is a valence band hole that self-traps on the surface O-sites residing in (100) and (110)
rutile surfaces. 
It is important to underline that the process  is localized at three-fold surface oxygen atoms: thus,
the oxidation of rutile surfaces is expected to favour the STH formation and, in turn, to increase the
NIR-PL efficiency.  We notice that  this behaviour is  opposite to the anatase one,  where surface
oxidation is expected to decrease the VIS-PL efficiency instead. 
Therefore, we hypothesize that the results we observed for NIR-PL efficiency can be explained by
invoking the fact that molecular oxygen dissociation and surface oxidation under UV illumination is
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the dominant process when O2 interacts  with  more defective (oxygen deficient)  rutile surfaces,
while instead the formation of ionosorbed species O2- (inducing PL quenching) can take place on
less defective surfaces. 
Even if we do not have a direct proof for the validity of this interpretation, it relies on less ad-hoc
hypothesis  than  the  previous  one.  Moreover,  it  invokes  the  same  process  at  the  basis  of  VIS
quenching  and  NIR  enhancing,  thus  explaining  naturally  why the  time  behavior  of  is  similar.
Indeed, performing an exponential fit of the data in Figure 36 (dashed lines) as follows:
( )
( )
( ) (0) 1 exp
( ) (0) exp
NIR NIR NIR
VIS VIS NIR
t t
t t
τ
τ
Φ = Φ ⋅ − −  
Φ = Φ ⋅ −
 
compatible (within error bars) values of ( ) 3  1.9  0.2   10  NIR sτ = ± ⋅  and
( ) 3  2.0  0.1   10  VIS sτ = ± ⋅  have been obtained. This further reinforces the interpretation.
Finally,  we wish to point  out that our  experimental  results  are quite close to the ones recently
reported by Knorr and coworkers (Knorr, Mercado, and McHale 2008). These authors showed that
when exposing anatase-rutile mixed systems of anatase and rutile to air and H2O2, a different NIR-
PL behavior is observed with respect to the one observed in pure rutile. In particular, a quenching of
anatase  VIS-PL and  an  increase  of  the  rutile  NIR-PL intensity  occurred  in  the  case  of  mixed
systems, while on the contrary a only a moderate quenching of the NIR-PL intensity was observed
in pure rutile samples. 
Authors interpreted these results by suggesting that the presence of oxidizing species may trigger an
interphasial electron transfer, i.e. transfer of conduction band electrons from anatase to rutile. Our
interpretation  is  different  and,  in  particular,  we find  it  quite  difficult  to  explain  why electrons
scavenged  from  anatase  by  oxygen  should  be  next  transferred  to  rutile.  However,  the
phenomenological evidences we show here are in agreement with the observations by Knorr and
coworkers. This fact strengthens the reliability of our experiments. 
5.4 – An investigation on PL-based sensing of nitrogen dioxide by ZnO thin films
Another material studied in my PhD work was zinc oxide (ZnO). As discussed in the introduction,
ZnO exhibits  a stable and efficient  photoluminescence emission in the UV range even at  room
temperature, making it a material of interest as light emitter. 
My studies on ZnO were conducted in the framework of collaboration with University of Ferrara,
where nanostructures and microstructures exhibiting different topologies have been prepared by sol-
gel method. 
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Previous  investigations  demonstrated  that  reversible  PL  modification  in  ZnO  occur  once  the
samples are exposed to nitrogen dioxide (NO2) (Baratto et al. 2009; Cretì et al. 2012; Padilla-Rueda,
Vadillo, and Laserna 2012a; Valerini, Cretì, A.P. Caricato, et al. 2010). In particular, NO2 sensing
properties exploited by PL modulation have been investigated in ZnO nanowires (Baratto et  al.
2009; Cretì et al. 2012), thin films (Padilla-Rueda, Vadillo, and Laserna 2012a) and nanostructured
surfaces (Valerini, Cretì, A.P. Caricato, et al. 2010) proving that ZnO exhibits an efficient and fast
quenching of UV PL at room temperature when NO2 surround the oxide. 
Unfortunately, the above mentioned works relied on static PL measurements only. As discussed in
Chapter 2 (see the discussion about the static vs. dynamic quenching mechanisms), this fact limited
the conclusions that can be expunged about the basic mechanisms driving the sensing phenomenon.
In particular, we recall the importance of time-resolved photoluminescence analysis (which in this
particular case translates in exciton lifetime measurements) in samples subject to the same external
conditions that give rise to the PL modulation (for a discussion on this issue we refer to Ref. (S.
Lettieri,  Setaro, et al. 2008). In the course of my work, I focused on the role played by  sample
topology in the ultraviolet (UV) PL quenching induced by the interaction with NO2. To this aim, we
carried out experiments based on both static and time-resolved photoluminescence (TRPL) on ZnO
samples  exhibiting  different  topologic  characteristics.  Comparing  and  correlating  the  results
obtained for the different samples under exposure to air and to NO2, basic consideration about the
origin of ultraviolet photoluminescence quenching could be outlined. 
In  Fig.  39  it  is  depicted the  schematic  procedure  used  to  synthesize  ZnO nanoparticles,  while
different  structures  could  be  obtained  by  addition  of  proper  surfactants  at  in  the  sol  and/or
modifying  the  calcination  temperatures  (M.  Carotta,  unpublished  results).  Up  to  four  type  of
structures have been prepared by University of Ferrara and analysed during my work, but only two
of them are reported here, as they exhibit somehow “opposite” topologies.
SEM images of the structures investigated are reported in Figs.40 and 41, and are named as ZNP
(i.e. ZnO nanoparticles) and ZFL (i.e. ZnO “flowers”). While ZNP consists of a porous assembly of
nanoparticles  with typical  sizes  of  about  60 nm, in  ZFL samples  we observe  the formation  of
hexagonal rods assembled in flower-like structures. By the SEM images it is evident that ZFL is
composed  by  interconnected  structures  that  support  electronic  transport,  while  instead  in  ZNP
sample  charge  motion  occurs  trough  grain  boundaries  (as  in  most  of  chemoresistive
semiconductors).
Therefore, we might say that ZNP can be used as a “standard” sample for chemical sensing analysis
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Fig. 39. Schematic procedure for sol-gel synthesis of ZnO nanostructures
while we chose to characterize ZFL due to its diversity with respect to nanoparticle ensembles.
The photoluminescence analysis was conducted by using the same apparatus previously described
and employed for Titania studies. The analyzed samples exhibited the typical ZnO PL spectrum,
with a near band edge emission at 380 nm (UV) due to radiative excitonic recombination, and a
broad  band visible,  peaked  at  675 nm (orange),  usually adduced  to  zinc vacancy or  interstitial
oxygen atoms (Studenikin, Golego, and Cocivera 1998b; Djurišić et al. 2007b). An example of PL
spectrum is shown in Fig. 42, where the excitonic emission is evidenced by the colored rectangle. In
my work only this latter emission was investigated, as the presence of the various kind of defects
leading  to  the  visible  emission  is  neither  necessarily  nor  clearly  correlated  with  the  sample
topology. 
Measurements of UV emission in NO2 diluted in dry air were performed, exposing samples for 15
minutes to 10, 30, 50 and 90 ppm of NO2 in air, alternating NO2 exposures with dry air steps. The
dynamic response is reported in Fig. 43, where is shown the PL intensity integrated in the range 370
nm to 410 nm) as function of time.
The PL variation induced by gas exposure is quantified by the integrated PL as the total intensity of
the spectrum (or spectral emission) over the emission interval:
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Fig. 40. ZNP sample, consisting in an homogeneous ensemble of ZnO nanoparticles of about 60 nm average
diameter
Fig. 41. ZFL sample, consisting in agglomerated flower-like structures composed of micrometer-scale single-crystal
ZnO (please notice the exagonal facets of each microstructure)
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( ) ( , )t t d
λ
λ
ϕ λ λΦ = ∫   
where ( , )tϕ λ  is the PL spectrum acquired at time t. 
As expected from previous works (Comini et al. 2007; Baratto et al. 2009; Cretì et al. 2012; Padilla-
Rueda, Vadillo, and Laserna 2012b; Valerini, Cretì, A. P. Caricato, et al. 2010; Caricato et al. 2011)
UV emission is quenched by the presence of NO2 gas molecules. Although the PL signal recovery
in air is almost complete, a partial irreversibility is evident after some cycle. 
In Fig. 43 the relative response ( )2air air NO air∆Φ Φ = Φ − Φ Φ  is reported, evidencing a Langmuir-
like behaviour and quantifying the fact that ZNP sample has the most efficient response.
As discussed in Chapter 2, a quenching of PL signal can derive by different mechanism, involving a
change in the decay rates (dynamic quenching) of a decrease in the density of emitting centres
(static quenching). A clear discrimination between these two situations is impossible with the only
CWPL, while time-resolved PL technique allows a direct measure of recombination lifetime (whose
eventual changes are the signature of dynamic mechanisms).
Therefore, TRPL measurements were also performed, while keeping the samples in dry air and in
100 ppm NO2 (diluted in dry air). 
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Fig. 42. Typical PL spectrum of ZnO (ZNP sample). The shadowed area evidences the excitonic emission, which has
been the subject of the present dissertation. 
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Fig. 43. a) UV-PL intensity vs. time under exposure to 10, 30, 50, 70 and 90 ppm of NO2 in air. b) UV-PL response
versus NO2 concentration
The results are shown in Fig. 44. It is easy to see that no modification of the exciton lifetime occur
when NO2 is introduced, indicating the occurrence of a static mechanism. Moreover, the exciton
lifetime in ZFL is about 4 times longer than the one in ZNP. Such a difference was repeatedly
observed by performing several  TRPL measurements  on different  point  of each sample and on
different  samples  of  the  same  typology.  Thus,  the  different  exciton  lifetime  cannot  be  simply
attributed to sample-to-sample variability. Indeed, this difference plus the observation of lifetime
constancy when samples are exposed to the PL quencher allows to sketch an interpretation of the
PL quenching phenomenon, based on the inhibition of exciton formation (or “excitonic depletion”,
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as we name it in the following subsection). The efficiency of such mechanism is expected to depend
relevantly on the sample topology, as we discuss now.
5.4.1 Interpretation: excitonic depletion and role of the topology
It is well known that all excitons in ZnO are bound at cryogenic temperatures, i.e. are localized to
point defect  sites (such as group-IV dopants).  As the temperature  is  raised,  the thermal  energy
becomes larger than the binding energy of exciton-defect complex and become mobile. At room
temperature, the ZnO excitons are all free and, therefore, their recombination lifetime also becomes
dependent of its motion. As a matter of fact, moving excitons typically dissociate when bump at an
interface or at a boundary of a semiconductor grain. Therefore, while in structures whose typical
size  far  exceeds  the  exciton mean free  path  the  lifetime is  not  size-dependent,  the  situation is
different for confined structures. In this latter case, the volume available for exciton motion shrinks
and a surface recombination lifetime has to be introduced, limiting the total recombination lifetime. 
The correlation between exciton lifetimes and nanostructure sizes and topology have been reported
in literature (Kwok et al. 2005; Xiong, Pal, and Serrano 2007), evidencing that the decay times of
ZnO nanorods increase as the size increases (Hong et al. 2003). On this basis, it is natural to ascribe
the longer ZFL exciton lifetime to the fact that the topology of such structures favours the free
motion of excitons, without limitations due to inter-grain boundaries. Indeed, the “base units” of
ZFL  samples  are  micro-rods  whose  size  is  in  the  micrometer  scale.  Moreover,  such  rods  are
internally connected. On the contrary, exciton motion in ZNP is limited by grain boundaries. 
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Fig.  44.   Peak-normalized  time-resolved  decay of  UV-PL for  ZFL (blue  curve)  and  ZNP (red curve)
samples measured in air (full curves) and in 100 ppm NO2 (dashed lines).
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 Fig.  45.  Representation of the  NO2 induced  enlargement  of depletion region  at  grain  boundary.  Apart
corrections dependent  on the grain diameter,  the Shottky barrier (i.e. energy barrier separating the core
undepleted region and the grain boundary) scales as L2, where L is the width of depleted region.
Considering also the NO2-independent lifetimes measured by TRPL, a natural interpretation for the
PL quenching arises, starting from the assumption that “standard” chemoresistive modulation of
Schottky barrier and of space charge depletion occurs when NO2 is adsorbed at surfaces. We show
schematically this in Fig. 45, where the charge-depleted sub-surface (white) region is represented.  
Assuming that  adsorption of  NO2 enhances  the  Schottky barrier  (or,  equivalently,  enlarges  the
depleted region), we obtain the situation represented in Fig. 46 where, electrons and holes formed
by photon absorption within the sub-surface region. As the exciton formation is not instantaneous
but  typically requires  about  50-80 ps  in  bulk ZnO (results  obtained on single-crystal  ZnO,  not
reported here for brevity reasons), the built-in electric field can lead to separation of electrons and
holes  even  before the  exciton  formation.  The  residual  e-h  pair,  possibly  formed  far  from  the
Schottky barrier, can then undergo to formation of free excitons moving in the ZnO structure with a
lifetime depending on the sample topology (as previously discussed) but not on the presence of
adsorbed NO2.
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Conclusions
Over the course of my Ph.D. career, I devoted my work on the analysis of phenomena linking the
photoluminescence  activity  of  some  specific  metal  oxides  to  oxidant  chemical  species.  The
materials  I  have  been  involved in  were titanium and zinc oxides  (TiO2 and ZnO),  prepared  as
nanostructured  thin  films  and  whose  optical  properties  were  investigated  by  means  of
photoluminescence spectroscopy. My activities involved various phases of the project, including:
sample deposition, structural and basic optical characterization, set-up of the experimental system
allowing  PL-based  opto-chemical  analysis  and,  finally,  experiments  on  oxygen  and  nitrogen
dioxide-related effects on the photoluminescence properties of the investigated materials. 
Photoluminescence  spectroscopy  is  an  important  tool  often  used  for  the  characterization  of
semiconducting  metal  oxides,  based  on  wavelength-resolved  (and,  possibly,  time-resolved)
detection of radiative recombination processes between charge carriers in a material. Analysis of PL
spectrum allows the reconstruction of energy distribution levels in a material,  strictly correlated
with its structural and morphological characteristics: crystallinity, defects states, surface states, free
or  trapped  excitons  and  free  charge  carriers,  are  just  some  examples  of  possible  elements
influencing  and  characterizing  the  PL emission  of  a  material.  The  knowledge  on  energy  level
distribution, physical nature and participant of processes at the base of PL emission is of course
particularly useful in view of studies of metal oxide applications. 
A  relatively  unexplored  approach  in  the  field  of  metal  oxide-based  gas  sensing  approaches  is
represented  by  the  opto-chemical  sensing  based  on  PL modulations.  In  such  an  approach,  PL
emission  of  a  material  is  used  to  probe  the  presence  of  ambient  gas  molecules:  variation  in
environmental atmosphere components and adsorption processes may lead, in fact, to a modulation
of PL emission of a material. Several factors influence adsorption of gas molecules on a material,
including the mutual reactivity between gas and material components, the existence of available
adsorption  states,  external  pressure  (or  equivalently,  analyte  concentration)  and  temperature.
Moreover, sample topology, surface-to-volume ratio and overall defect concentrations (e.g. oxygen
deficiency) all play a fundamental role. 
In the course of my work, TiO2 and ZnO were grown with different deposition conditions, leading
to structures with different morphology. SEM and XRD tools allowed having a clear picture on the
morphological  and  structural  properties  of  the  samples  and  a  crossed  analysis  with  room
temperature PL spectra lead to a satisfactory knowledge on the physical  origins of the different
mechanisms at the base of PL properties of the samples. After a preliminary structural and optical
characterization,  an  investigation  on  the  property  in  gas  sensing  for  both  material  has  been
performed.
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A particular attention has been devoted on the TiO2 nanostructures for several reason. In particular,
PL properties  of  TiO2 are  less  well-characterized  with  respect  to  the  ZnO  ones  (ZnO  is  very
important as UV light-emitting material) and its PL emission is far less efficient than the ZnO one
(TiO2 is an indirect gap material, while ZnO has direct gap). Furthermore, a clear consensus on the
chemical nature of various defects involved in the sub-bandgap PL emission of TiO2 has not been
established already. Different states emitting in the same range of wavelength (such as self-trapped
exciton in anatase and oxygen vacancies-related states), the possibility of having different stable
crystal phases, surface and reactive state defects, represents some of the variable influencing PL
emission and a careful analysis should be necessarily put for having a good interpretation of the
optical properties of TiO2. 
TiO2  nanostructured thin films deposition was performed with the ultrafast pulsed laser ablation,
using laser pulses in femtosecond regime, a relatively recent and appealing deposition technique
still less exploited for TiO2. Great interest, thus, grew up around the analysis of physical properties
of  the  so  growth  TiO2 samples.  Three  different  oxygen  pressure  regime  were  using  for  the
deposition (10-6 mbar, 1 mbar and 3 mbar) leading to nanostructures with different morphologies:
for high vacuum, a low-porosity NPs agglomerated assembly to high specific surface samples, with
more isolated NPs (size from 20 nm to 100 nm) for the highest pressure condition. 
As-grown samples showed a degree of crystallinity, increased after an annealing process (500°C for
30 min in ambient air). The specific structural and morphological features (crystal phase and high
surface-to-volume  ratio),  made  me  have  propensity  for  the  sample  growth  in  high  pressure
condition for further analysis on gas probing. PL emission modulation in alternate gas condition
was monitored. 
In the successive stage of my work, I mainly concentrated on oxygen effect on TiO2 PL properties.
The attention was focused on two bands emission, in the visible region and in the near-infrared
region (respectively VIS-PL and NIR-PL). The two separated bands are found to be fingerprints of
the two TiO2 polymorphs, namely anatase (VIS-PL) and rutile (NIR-PL). 
Very interestingly,  the behaviour of such emission bands in oxygen ambient gas  resulted to be
anticorrelated: a quenching in VIS band corresponded, in fact, to an enhancing in the NIR band
upon exposure to oxygen.
Such a result triggered considerable attention, as indicating that  multiple responses to the same
species (O2) can indeed be obtained by monitoring the PL intensity of mixed anatase-rutile titania
systems.  This  fact  deserved  further  investigation,  as  being  a  good  example  of  the  possible
advantages of optical approaches to chemical sensing. In fact, conductometric sensing relies on a
single transduction parameter (electrical conductance): thus, a given gas species can induce only
one specific  effect  in  ordinary chemiresistors  (i.e.  electrical  conductance  increase  of  decrease).
Instead, opto-chemical routes to gas sensing can take advantage of the fact that optical properties
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intrinsically  involve  several  degrees  of  freedom (e.g.  the  continuous  spectrum of  PL emission
wavelengths), thus allowing multi-parametric responses. Moreover, it is worth underlining that the
trend for the NIR emission was somehow unexpected at first sight,  considering the well-known
activity of molecular oxygen as electron scavenger (manifested indeed in our experiments on rutile
single crystals). 
This  peculiar  effect  of  oxygen  on  rutile  PL  was  subjected  to  additional  study,  and  two
interpretations  are  given  here,  one  based  on  the  nature  of  adsorption  process  of  oxygen
(ionosorption  vs  dissociative  adsorption)  and  another  on  diffusion  of  residual  water  molecules
adsorbed at TiO2 nanoparticle surfaces. 
In  the  discussion  reported  in  Chapter  5  I  finally  argue  why  I  am  more  inclined  to  the  first
interpretation.  According  to  this  latter,  TiO2  nanostructured  thin  film  should  present  an  high
concentration of oxygen vacancies. In such a condition, ambient oxygen undergoes to a preferential
dissociative adsorption, supplying an O atom at surface bridging positions that saturates the oxygen
vacancies. This, in turn, lead to both the decrease of VIS-PL and to the increase of NIR-PL, as
explained along Chapter 5. On the contrary, in the case of well-oxidated surfaces and/or in the case
of non-porous morphologies (i.e. low surface-to-volume ratios) such process is negligible, and the
dominant oxygen effect can become the ionosorption (i.e. chemorption of oxygen in ionic state O2-
with scavenging of electrons from conduction bands and quenching of rutile PL).
Even though further analysis should be performed for having propensity for one interpretation with
respect to the other, it is clear the high efficiency oxygen sensing properties of TiO2 nanostructures:
the anticorrelated trend of the two emissions, in fact, can be consider as a fingerprint of oxygen gas
molecules  adsorption  since  the  modulation  of  the  two  emission  is  strictly  oxygen-dependent.
Moreover, the opposite effect produced by one specie-analyte (oxygen) on two different PL band, is
helpful for an easy detection of gas mixture,  representing a great  advantage with respect  to the
common  conductometric  gas  sensors.  However,  worth  mentioning  is  the  double-edge  sword
represented by photocatalytic properties of TiO2: in this material, photocatalytic effects are likely to
occur, thus leading to lacking repeatability and stability of the system. Further investigations are
definitely to be made in this topic.
ZnO material has instead been demonstrated to be highly efficient in detecting NO2, with a larger
response for nanoparticle thin films with respect to flower-like structure, by means of CWPL and
TRPL spectroscopy. The analysis of PL decay time in air and NO2 atmosphere is an evidence of the
static quencher  nature of  gas  molecules.  Differences  in exciton lifetimes  for  the two structures
investigated (smaller in nanoparticle thin film) are observed, reflecting in “topological” properties
and on the excitonic mean free path.  Energy barrier  modulation induced by adsorption of  NO2
(likely  to  be  ionosorption  as  NO2- species)  affects  the  formation  of  excitons,  thus  explain  the
observed results and giving a coherent frame for the static quenching mechanism observed.
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